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CONTRIBUTION TO THE STUDY OF THE STRUCTURE OF THE IONOSPHERE

Marcel Nicolet

INTRODUCTION
1. History

In 1901, Marconi established the first radio link between Poldhu in
Cornwall and Saint-Jean de Terre-Neuve. The success of this transmis-
sion reinstated the hypothesis of Stewart (1878) and Schuster (1889),
who had suggested that a part of the earth's magnetic field results from
electrical currents in the upper atmosphere. Indeed, in 1902, Kennelly
and Heaviside simultaneously proposed the existence of a conducting
layer involved in the propagation of electromagnetic waves, whereas the
works of Mac Donald, Lord Rayleigh and Poincaré (1904) revealed the
impossibility of explaining the success of Marconi's experiment by dif-
fraction. In 1912, Eccles, by introducing the ionization effect caused
by solar radiation, proposed the fundamental theory of wave propagation
in an ionized medium. Meanwhile, Austin (1911), after having carried
out experiments on the variation in reception intensity with the distance
from the broadcasting station, derived an empirical formula which was
later rederived by Watson (1919), who solved the mathematical problem
of wave propagation in a medium bounded by two concentric conducting
spheres. The hypothesis of a conducting layer in the upper atmosphere
was thus verified. Several years of rather disorderly experiments con-
tributed some more refinements to the behavior of waves, and Larmor
(1924), who extended Eccles' theory, studied the propagation in a very
rarefied medium (absence of collisions) without external influence.
Appleton (and Nichols and Schelleng) soon (1925) completed this theory
by introducing the influence of the earth's magnetic field (magnetoionic
theory) and, at the same time, demonstrated by suitable experiments the
reflection by the atmosphere of waves emitted on the ground. In 1926,
the influence of molecular collisions on the propagation was studied by
Lassen. The introduction of this effect of frictional forces between
neutral and charged particles revealed the relationship between the pro-
pagation and absorption of waves in the atmosphere. Finally, in 1927,
Appleton gave a complete theory of the propagation of electromagnetic
waves in a medium composed of charged and neutral particles subjected to
the effect of collisions in the presence of a magnetic field.



This last work concluded the preliminary pericd of research. Ex-
perimentation was soon to benefit from new methods applicable to a sys-
"tematic investigation of radio waves. The magnetoionic theory was born
and was going to be developed for the purpose of studying the propaga-
tion of waves in the atmosphere. The physical study of the ionosphere
could now begin.

2. Mathematical Theory (Ref. 1)

Under the impetus of the works of Appleton, the magnetoionic theory
derived from the Maxwell-Lorentz theory developed very rapidly (Breit,
Goldstein, Hartree, Baker, Green, and others) and as early as 1932
assumed the form which it still preserves today. The detailed determi-
nations of M. Taylor, Bailey, Martyn and Booker, among others, form the
basis of the study of electromagnetic wave propagation in the atmosphere,
an absorbing medium stratified in homogeneous layers and composed of
molecules and ions subjected to the influence of the earth's magnetic

field.

A basic formula known as the Appleton-Hartree formula and resulting
from the magnetoionic theory gives the complex expression

[ I 2 ¢

[0} ® 4
i 8T St

2 ._....—._—l:_V_—____.w ¢2

) — e+ 3 Traxpp T i

where the symbols have the following meanings:
t is the index of refraction;
i =) -1 and c, the speed of light;

x, the absorption coefficient;

w= 2xf (f = frequency of wave) designates the pulsation or gyrofre-
quency of the wave;
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, Where w, designates the critical pulsation, NE the

electron concentration, and e and m are the charge (absolute value) and
mass of the electron;
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with wg = %5, the vector H representing the earth's wagnetic field,
c

whose value is expressed in gauss and where wr, and wmp are orthogonal
projections of vector Wi respectively, on the direction of propagation
and on the plane of the wave;

B = g%, where v is the frequency of collisions of electrons with
other particles;

If B = 0, because v = 0, the medium is not absorbing, and therefore,
by considering only the real part, equation (1) is written as

=1+ 2 (2)

. 4 *l/ s .
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Let us now remember that u = O is considered the condition of the
return (or incorrect terms widely employed at the present time, the con-
dition of "reflection") of a wave emitted (vertically) into the atmos-
phere. It is seen that this condition is met if

. a+1=0 (3)

when a positive sign is taken in the expression of the denominator in
equation (2)

and if a=—1x /2 +si=—1=x sy (L)
when a negative sign is taken.

In this latter expression (4), we see that if

o< , a=—1+ 3,

0>o , a‘=-—-1——sH

Let ¢ + 1 = 0; in view of the meaning of «, we can write
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if the angular frequencies o and w, are replaced by their expressions

indicated in the definition of symbols, we find

Ny = m:z (5)

i.e., a relation between the wave frequency and the electron concentra-
tion which makes it possible to determine the "critical frequency" as

a function of the maximum electron concentration in the so-called
"reflecting" layer.

Let ¢ = -1 T s_; we then have

H
o 0o,
=Tl T
whence ol = 0t ooy

By replacing w, wos and w_ by their values, we obtain

H
H
N =% (P = 15,0
or by setting wy = 2xf,,
N, — ’%’21' (P = fiy) (6)

where the upper sign corresponds to f < f; and the lower sign to f > f.

By studying the polarization, it can be shown that the case @ + 1 =
O corresponds to what is called an "ordinary wave". We shall denote its
critical frequency by fo. On the other hand, if ¢ = -1 *t Spo the wave

will be termed "extraordinary" and we shall denote its critical fre-

quency by fX. It will be noted that fo is the critical frequency of the

wave in the case where there is no applied magnetic field, and this sim-
ple case corresponds to the case studied by Larmor.

Formulas (5) and (6) may therefore be written as
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Ny — "0 (1)

Ns = 11:8_7271_ UZ ifxfﬂ) (8)

A study of equation (1) has also been made. It may be shown that
equations (3) and (4) hold if the direction of propagation is of the
quasi-transverse type, i.e., does not coincide with the direction of the
magnetic field, provided that the frequency .v of electron collisions be
less than a critical frequency V-

In conclusion, we see that thanks to the magnetoionic theory, we
have the important relations (7) and €8), which make it possible to re-
late an observed quantity (the frequency of the wave) to the value of
the electron concentration, an essential quantity for the study of the
ionosphere.

3. Experimental Results

Parallel to the development of the mathematical theory, experimen-
tal investigations have undergone improvements which provide various
means of exploring the ionosphere. The echo method of Breit and Tuve
(Ref. 2), the study of the minimum range of short waves by Hulburt (Ref.
3) and the examination of the interference of "reflected" waves by
Appleton (Ref. L) initiated the first fruitful investigations of the
ionosphere. Furthermore, the echo method was adapted to automatic
recording and now serves for the daily determination of the normal char-
acteristics, the equivalent or virtual height and the critical frequency
of the regions of the ionosphere.

The echo method consists in the quasi-vertical emission of very
brief signals which are received at a small distance from the emitter.
The time t between the respective receptions of the wave from the ground
and of the wave "returned" by the atmosphere makes it possible to meas-

ure the equivalent height z of the ionized region by the relation z = 2=,

where ¢ is the velocity of the wave. In addition, if the vertical sound-
ings are performed by increasing frequencies, one finds that, for cer-
tain frequency intervals, the equivalent heights are more or less con-
stant and thus define distinct ionized regions. Passage from one region



to another is characterized by an abrupt change in the equivalent
height. The frequencies associated with these changes are called cri-
tical frequencies and correspond, by virtue of relations (7) and (8)
between the number of electrons and the frequency of the wave, to the
maximum number of ionized particles in the defined strata. The exist-
ence of two principal regions has thus been demonstrated; these are the
E and ¥ regions located at altitudes approximately of the order of 100
km and 300 ¥ 100 km.

The use of automatic observational systems now makes it possible
to obtain continuous experimental results at various points of the
globe. We shall cite the stations in Washington (Ref. 5), Huancayo,
Peru (Ref. 6), Watheroo, Australia (Ref. 6), Tromsd, Norway (Ref. T),
whose regular publications permit a systematic study of the critical
frequencies (Ref. 8). Observations which cannot always be examined are
also made at Slough (Ref. 9), Calcutta (Ref. 10), Sydney (Ref. 11),
Tokyo (Ref. 12), Allshabad (Ref. 13), etc. These various data on the
ionosphere have been and are the subject of systematic research con-
cerned with the characteristic properties of the various regions as a
function of the physical conditions on the sun and the earth. Indeed,
it is found that the behavior (equivalent height and electron concen-
trations) of the various regions of the ionosphere depends on the ze-
nithal distance of the sun (diurnal, seasonal, and geographical effects),
on the disturbances of the solar atmosphere (storms and ionospheric
disturbances) and finally, on the ll-year solar activity.

L, Theoretical Results

The basic works of Chapman (Ref. 14) and of Hulburt (Ref. 15) pro-
vide the fundamentals of the conventional theory of the ionosphere. In
principle, this theory, which underlies the interpretation of certain
observational data, is as follows:

A monochromatic radiation of intensity S, emitted by the sun, pene-
trates into the atmosphere, which is assumed to have a uniform composi-
tion over the entire region exposed to the radiation. No a priori hypo-
thesis is made on the nature of the solar radiation except that the ab-
sorbed energy 4S5 during the passage of the radiation S through a layer
of thickness dz is proportional to the intensity-of the radiation, to
the thickness of the layer, and to the concentration of the absorbing gas.
Hence, we write

AS

_ —zftl
s = sinhg e dz (1)

vhere Adz is the fraction of the radiation absorbed in the layer of
thickness dz located at altitude z = O, and where h@ is the angle of



altitude of the sun above the horizon and H is the height of the homo-
geneous atmosphere given by

2 (2)

T and m being the absolute temperature and the molecular mass, which are

constant, k being Boltzmann's constant, and g the acceleration due to
gravity.

Integration of (1) gives

AH
—_— —zfH
8§ =8, e sinkg ¢ (3)

where S.o =

is the value of S at the top z = oo of the atmosphere. The

absorption at altitude z is thus given, based on (1) and (3), by

AH —zH
ﬁnhe ¢ (4)

d _
sinhg d_S = AS_ e~ =l ¢

Assuming that the number of electrons produced at altitude z per

3

~

cm” per second is proportional to EESh“%D: we can write that the elec-
tron production P per cm3

per second, based on (1) and (4), is given by

—(=1 —~z[H
P,—gAs o M e
[==)

Sinho (5)

where ¢ 1s the proportionality factor.

We see immediately that P, is maximum hO = 90° for

e — Al (6)

and hence, the value of the maximum of P, P¥ is given by (5) and (6)

Tie (7)
where e = 2.718.

From (5), (6), and (7), we deduce



I Rt 2
z — 2* e H
. 1= — - : (8)
P.=DP*e H sinhg,
By setting
z — 2*
-y (9)
we finally obtain
-T
1—T— = (20)
P, =P*e sinhg,

which is the relation between the ratio of the productions P, and P¥,
the value of ¢ and the angle of altitude h® of the sun.

At a given instant, the variation of the number of electrons is the
difference between the number of electrons produced and the number of
those which disappear. By hypothesizing that the electrons disappear
via recombination with positive ions, the variation of the electron con-
centration NE with time t is given by

N,
" =P — rN% (11)

where r is the recombination coefficient.

Let us note that by writing relation (11), we admit implicitly that
the number of positive ions is equal to the number of electrons.
ON
By considering the case of equilibrium __® - ¢, we deduce (12) and
(13), successively ot

e

—_ -t
T .
N = l/y— e 172 (1—C— sinho) (12)
E r
- e_
and NE — N;:e 1/2 (1 - C - Siﬂ,l@) (13)
(e}

if Nﬁ is the electron concentration at maximum production when hO = 90",

Expressions (12) and (13) define a conventional ionized region, i.e.,
the vertical distribution of the electron concentration in an atmosphere
of constant temperature and molecular mass.



From equation (13) we immediately find that the electron concentra-
tion reaches its maximum when

sinkg = e Cmax (11)
If we denote by (NE)max the value of the maximum electron concentra-

tion of an ionized region, we immediately have from (12) and (1k),

(Na)m.u = l/l:_—* (sinkg) 12 (15)
or, from (13) and (15)
(Np)g = N e /25 mos (16)

From expressions (13), (14), and (16), we deduce

Ny = (V) € 172 (1= (4 — o) — ¢ = (&= Tond)] (17)
or Ny = (N,).., ¢ 12 [1—ynt— e — ¥ (18)
with ¥ = (L — Coax)Il = 2 — 20x (19)

In the case where the phenomena in the vicinity of the maximum con-
centration are taken into consideration, we can keep only the first two

terms of the series expansion of e_Y/H, as does Appleton (Ref. 16).
Hence, we have the approximate relation

Ng = (oaue |1 — 15 (20)

-

which gives, at a first approximation, a parabolic distribution of the
electron concentration.

Consequently, under the influence of the sun, the electron concen-
tration (cf. (15)) should increase beginning at sunrise and should reach
a maximum at local noon. Also, a seasonal effect should be observed
which brings a corresponding maximum to the summer solstice and a minimum



10

to the winter solstice. Furthermore, the electron concentrations should
be highest at the lowest latitudes. Finally, the vertical distribution
(cf. (20)) of the electron concentration should give the height of the
homogeneous atmosphere.

Appleton (Ref. 16) has shown how the E region could be generally
interpreted by the conventional theory, where the electron concentration
is proportional to the square root of the sine of the angle of altitude
of the sun. For the F region, it is necessary to introduce additional
hypotheses (Appleton, Ref. 16; Berkner, Ref. 17; Bradbury, Ref. 19;
Martyn, Ref., 22), which most often should be considered as arbitrary.
Whatever the laws governing the formation of an ionized region, however,
one must look for the origin of the various regions observed, i.e., de-
termine which of the atoms and molecules of the atmosphere are likely
to induce the formation of an ionospheric region. Moreover, once the
theoretical study of the formation and origin of a region has been con-
cluded, the experimental values of the recombination coefficients should
correspond to the values introduced into the equations. The latter two
points have been made the subject of special study by Appleton (Ref. 16),
Berkner (Ref. 17), Bhar (Ref. 18), Bradbury (Ref. 19), Hulburt (Ref. 15),
Lassen (Ref. 20), Massey (Ref. 21), Martyn (Ref. 22), Mitra (Ref. 23),
Tukada (Ref. 24) and Wulf and Deming (Ref. 25).

The investigation of the origin of ionospheric regions has been
carried out particularly by Hulburt, Bhar, Mitra, Wulf and Deming. The
sun is considered to be a black body at 6000°K; hypotheses are introduced
on the composition and vertical distribution of the constituents of the
upper atmosphere. On this basis, the state of ionization of 05, N, and O

compared with the observation reveals the various difficulties involved
in a correct interpretation.

In the determination of the recowbination coefficient, the study is
based on an examination of the nocturnal conditions, where the electron
concentration is given, in the case of the conventional theory, by

= — N (21)

An experimental study of the decrease in ionization during the
night leads to a recombination coefficient (.,2.10—9) which is higher
than that given by the theory (~2-10712).

By assuming that the number of positive ions (N') is greater than
that of the electrons, Appleton (Ref. 16) and Massey (Ref. 21) have shown
that equation (21) should be written as
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oON
5= — rN*N; = —aN} (22)

Indeed, if it is assumed that the number of positive charges (posi-
tive ions) is equal to the number of negative charges (negative ions N~
and electrons), it follows that -

N =N+ N (23)

and the effective recombination coefficient a may be greater than r,

since one can write
ONg
ot

= — Nt N=—rN2(1 + % = — aN}? (24)

Values from 100 to 1000 of the ratio N /NE, which may exist in the

E region (cf. Massey, Ref. 21) make it possible to determine the values
of a which approach the night recombination coefficient.

The above is a summary of the acquired theoretical data. They have
permitted the elucidation of certain difficulties, indicating, at the
same time, the extreme complexity of the general problem of the struc-
ture of the ionosphere and of its variations.

5. Object of the Work

In the present state of our knowledge of the constitution of the
sun and of the atmosphere and of the recent progress in atomic and mole-~
cular theory, it is possible to attempt a solution of the problem of the
ionosphere in its general aspects. Thus, our work is primarily concerned
with an examination of the properties of the ionosphere based on the re-
sults of observations of the propagation of electromagnetic waves, results
which can be used owing to continuous and detailed publications. Further-
more, after having presented the ionospheric characteristics, we examine
the spectral properties of the sun, taking into account the various re-
sults of the theory and observation, and thus deduce the radiations which
play an effective part in the ionization of the atmosphere. In addition,
results of observations of the emission of night airglow and auroras
lead us to a determination of the atomic and molecular constitution of
the upper layers, and enable us to refine certain important points con-
cerning the vertical distribution of the atoms and molecules. Finally,
a determination of the principal mechanisms relating the equilibrium of
ions and electrons is undertaken with the aid of kinetic and quantum
properties for the purpose of applying them to the atmosphere. Thus, the
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synthesis of these various results enables us to discuss the ionospheric
properties. Consequently, we divide our work as follows:

Chapter I. Observation of the Ionosphere.

Chapter II. Solar Radiation.

Chapter III. Constitution and Composition of the Atmosphere.
Chapter IV. General Ionization Equatilons.

Chapter V. Physical Interpretation of the Ionosphere.
General Conclusions.

In conclusion, I am happy to be able to thank my teacher, Professor
P. Swings. After having initiated me into scientific research, he has
often given me valuable lessons with a special kindness, I am wholly
indebted to him.

During the editing of this work, I have often asked for the assist-
ance of Messrs. Lahaye and Van Mieghem. Thelr advice and suggestions
have been very useful to me and I shall not forget that their particular
helpfulness enabled me to conclude this study successfully.

I am pleased to be able to include in my gratitude the Belgian gov-
ernment and the Fondation Universitaire. It is through their generosity
that I have been able to travel abroad, where I conducted my preliminary
research,

My thanks are also addressed to Professor P. Gotz, Director of the
Lichtklimatisches Observatorium at Arosa, for his amiable hospitality
and his affectionate solicitude.

November, 194k,
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CHAPTER I. OBSERVATION OF THE IONOSPHERE

Section 1. Introduction

In general, observation reveals the presence of two principal ion-
ized regions called E and F regions. The first region, E, is situated
at an altitude close to or somewhat above 100 km, whereas the F region
is often subdivided into the two regions Fl and F2 located respectively

at altitudes of the order of 200 and 300-400 km. The heights of these
jonization maxima represent average values which vary with the latitude
and the seasons.

In a particular case (for example, at the Equator) the distribution
of the ionization state may be succinctly described as follows (see
Figure 1): near the ground, cosmic and terrestrial sources produce a
few thousand ions per cm3. As one goes up into the troposphere and

Imoox;n Auroral radia-
tions of No

83

and O

\
\
X

Lowqr a@mosphere
o snd’ 10* ™

Figure 1. Schematic representation of the ionosphere.
Abscissas: electron concentration (number of elec-
trons per cm3). Ordinates: altitude in km
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stratosphere, the ion concentration increases up to an altitude of 16-
18 km. Although some effects on radio waves seem to have been observed
in these regions, it appears, according to O. H. Gish and H. G. Booker
(Ref. 26) that there is no intense ionization in the stratosphere or
troposphere. Starting from 60 km, the experimental results indicate the
existence of an illi-defined ionized region generally referred to as the
D region. At about 100 km, the increase is so considerable that the

maximum concentration reached is of the order of lO5 electrons; this is
the E region. Beyond 100 km, the ionization, after a slight decrease,
increases again and reaches a high value which exceeds that of the E
layer (approximately double); this is the Fl region. After a slight de-

crease, the most important maximum appears, which corresponds to the F2

region; its electron concentration exceeds 106 electrons. These various
regions possess essentially different properties, which we shall examine
successively. Moreover, the purpose of this chapter is to synthesize

the most important experimental results and to bring out their essential

features.

Section 2. The D Region

Results obtained on the state of ionization of the D region are
scarce. Mitra and Syam (Ref. 27) have observed echoes corresponding to
electron concentrations of the order of 5'10lL electrons per cm3. Ac-
cording to Budden, Ratcliffe and Wilkes (Ref. 28), the number of elec-

trons at about 67 km is of the order of 300 per em> (average conditions
for the southeast of England) and permits the return of long waves of
18.8 km. At the Huancayo and Watheroo stations, a systematic examina-
tion of the minimum critical frequency at which the "reflections" of the
waves are recorded provides other indications. Indeed, one finds that
the variation of this minimum critical frequency is generally analogous
to the variation of the critical frequency of the E region (see Section
3, E region). The fact that there exists a minimum critical frequency
above which the waves are no longer returned indicates that an "absorp-
tion" is involved. According to a mathematical study of the propagation
of electromagnetic waves in an ionized medium, this "absorption" corre-
sponds to the damping of waves due to collisions between molecules and
electrons accelerated by the electric field. According to the observa-
tions, this damping has its maximum above the E region, and this atmos-
pheric area may be considered to correspond to the D region. In addi-
tion, during the sudden fade-out of short waves (see Section 6), one is
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still dealing with a damping action, and the D region is involved owing
to an increase in ionization.

Section 3. The E Region

The E region is an ionized layer whose properties are known fairly
well, since its different variations are relatively simple.

Altitude of the Tonization Maximum

The average equivalent altitude of the ionization maximum depends
both on the latitude and the seasons. At Huancayo, Peru, z = 100 km;
at middle latitudes (Washington, Slough), z = 115 km in summer and 125
km in winter, and, at high latitudes, z = 125 km during the polar winter
and of the order of 100 km in summer.

In short, the altitude of the ionization maximum of the E layer
varies in inverse proportion with the height of the sun and its presence
above the horizon.

Diurnal Variation

Figure 2 shows a typical curve of the maximum electron concentra-
tion (NE)max’ which varies synchronously with the height h of the sun

above the horizon. The following conclusions are drawn directly from
the observation: (1) the diurnal ionization maximum takes place at noon
when the height of the sun is maximum; (2) +the values of (NE)max are

practically symmetrical with respect to noon; (3) (NE) is propor-

max

tional to the square root of the sign of the height of the sun (for
h_> 0°).
@

In short, the observations yield the law
(Ng)max = C \/Sinlle (I. l)

so long as h® # 0. The meaning of the constant is obtained by setting
h@ = 90O in equation (I.1l); it corresponds, therefore, to the maximum

electron concentration of the E region at the Equator and at the equinox.
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Figure 2. Diurnal variation of the maximum electron
concentration of the E region at Washington during
May 1938.

The points represent data deduced from observation
of critical frequencies (monthly averages), while
the curve was traced in accordance with the law (I.1)

Seasonal Variation

The observational results obtained in the course of one year at the
same station show that the summer values of (NE)max are always greater

than those of the winter. The diurnal variation of (NE)maX is always

symmetrical with respect to noon and the values at sunrise are identical
to those at sunset. A consideration of the mean monthly wvalues of
(NE)max at noon makes it possible to determine simply the variation of

the electron concentration as a function of the seasons. From Figure 3,
it is seen that the maximum electron concentration follows the same law
of variations during the year as during a day, i.e., C being a suitably
selected constant,

(N max = C V/sinhg, (1.2)

Let us note, nevertheless, that the mean monthly values of the
electron concentrations do not fall rigorously on the curve drawn in ac-
cordance with the law (I.2). These deviations will be studied later
during an examination of the long-period variation.
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Figure 3. Annual variation of the maximum electron
concentration at noon for the stations of Washington
(lat. 39°N) and Tromsd (lat. 66.7°N) during the year
1938.

The points and crosses represent data deduced from
observation of critical frequencies; the curves were
traced in accordance with the law (I.2)

Geographical Variation

Although all the stations distributed over the globe present the
same diurnal and seasonal variations, it is nevertheless true that
during a study made as a function of the latitude, the constant C in-
troduced in order to satisfy equality (I.2) varies from one station to
another. In other words, when the results obtained for different sta-
tions as a function of the latitude are compared, the continuous decrease
of the value of C (in going from the Equator to the pole) reaches 30 per-
cent. This result indicates, therefore, that atmospheric conditions
which are functions of the latitude add to the solar effect itself.

Long-Period Variation

Among the long-period variations which can be expected, all of the
attention should be focused on the variation which should result from
the 1l-year solar activity. In Figure 4, we have shown the mean monthly
values of (NE)max from 1935 to 1940 at noon, observed at the Washington

station. A simple inspection of the graph shows that a long-period
variation is superimposed on the seasonal variation. The former is
parallel to the variation of the solar activity. Recent determinations
have revealed that there is a good correlation (Ref. 29) between the



2 | A A i L i i heiaad A A

et 1 A A A ] A A A 1

J A J 0 U A J 0 U A I 0 J A J 0 U A J O A
1935 1936 1937 1938 1939

J
1940
Figure 4. General variation of the maximum noon electron concentration
of the E region at the Washington station.

The points represent observational data. The curves were traced with
the aid of relation (I.2), where different values of constant C were
employed. The figures above each curve are values of C.

It will be noted that a long-period variation manifested by a concen-

tration maximum in 1937 is superimposed on the seasonal variation. This
is the ll-year variation

at
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average ionization values and the relative sunspots numbers of Wolf.

It should be noted, however, that there is no relation between the daily
variations of the ionization and the number of spots, which indicates
that there is no correspondence whatever between a given spot and the
ionization of the E region.

The curves of Figure 4 have been traced by assuming that C is a con-
stant during a year. The scatter of the points representing the observa-
tional data is due to the effect of the solar activity. In order to
determine this effect qualitatively, we have added in Figure 5 the data
for the three stations of Huancayo, Watheroo and Washington during the
period of January 1939 to June 1940, for which simultaneous observations
are available. From formula (I.2) we have deduced the monthly values
of C

(NE) max

\/sth

where (NE)max is deduced from the values of the critical frequency ob-
served and sinhg is determined by the usual astronomical formulas. In

addition, we have used qualitative data, published in the Quarterly Bul-
letin of Solar Activity, on the facular plages of ionized calcium. One
can readily see from Figure 5 that these fluctuations of C at the three
stations are roughly parallel to those of the arbitrary numbers of the
facular plages.

In short, there is a detalled correspondence between the solar ac-
tivity defined by the facular plages and the maximum electron concentra-
tion of the E region.

Nocturnal Variation
After sunset, the electron concentration, being no longer subjected
to the action of the sun, gradually diminishes and attains a minimum at

the end of the night. In this case, assuming the variation law (see note
at the end of this subsection)

oN,
dt_'==_aNé (1.3)

where @ is the effective recombination coefficient, we find (Ref. 30)

that the decrease corresponds to a value of & = 2 to 41077,
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Figure 5. Effect of solar activity on the ionization
state of the E region.

Curve I, Huancayo, Peru (lat. 12° N); curve IT,
Washington (lat. 39° N); curve IIT, Watheroo, Austral-
ia (lat. 30° 8); curve IV, square root of arbitrary
numbers of facular plates of ionized calcium

This determination of the effective recombination coefficient makes
it possible to state what the precise conditions are to which the noc-
turnal ionization is subjected. We shall see further on that this value
of the effective coefficient is lower than the effective coefficient
during the day.

NOTE. It can be shown that, if the disappearance of the electrons
is governed by a recombination mechanism, i.e., by the association be-
tween a positive ion and a free electron, we have

oN
._E::——I'N—FNE

at

where r = constant, called the recombination coefficient, N' is the con-
centration of positive ions, and NE is the electron concentration.

N,

= —r N2
N ac d

E

If Nt =

i.e., this is a law of electron variation proportional to the square of
the electron concentration.

oN
Tt NF N, B e —aX} (a)

which is a law similar to the preceding one, where x is an effective re-
combination coefficient greater or smaller than r, depending on whether
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Nt >'NE or Nt < N. If the disappearance of electrons takes place via

attachment (electron captured by a neutral atom), i.e., is directly pro-
portional to the electron concentration, we necessarily have

ONy
at

= — aNN = — BN, (3)

where a is the coefficient of attachment and N is the number of neutral
atoms per cm3. -

In a region of the atmosphere where the law of disappearance of
electrons is unknown a priori, the experimenters interpret their observa-
tions by a law of variation proportional to the square of the electron
concentration.

However, if the attachment is effective, in order to understand
the experimental results expressed by a law of variation proportional
to the square of the electron concentration, one should write

where @ should be regarded as the equivalent recombination coefficient
which will not be constant but will be a function of N and NE.

If the two mechanisms take place simultaneously, in order to sepa-
rate the effects of the two processes of recombination and of attach-
ment, one can write

oN
—P= — aNE — BN

ot E

Variation During Eclipses

The solar eclipses permit a study of the variation of ionization in
a relatively simple manner, since the conditions of ionization vary very
rapidly. Multiple observations (Ref. 31) made in various regions of the
globe have lead to quantitative determinations of the electron variation.
By assuming a variation law such that

N
— B 2 I.L
o= I‘smhe — aNE ( )

where P represents the electron production for h® = 90O and where QWE
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corresponds, as before, to the electron decrease due to spontaneous
recombination, it i1s possible to obtain the value of ¢ by taking into
account the darkened fraction of the solar disk. In Figure 6, we repro-
duce the possible electron concentrations of the E region calculated by
Aulburt (Ref. 32) for different values of an effective recombination
coefficient &. The results obtained during the observation (Ref. 33)
showed that the electron concentration decreased during the eclipse to
about 25 percent of the normal value. This indicates (Figure 6) that
the mean value of an effective recombination coefficient is approxi-

mately 2-10_8. However, the fact that the ratio of the decrease should
be greater and the fact that the instant of the minimum electron con-
centration appears in the middle of the totality reveal higher values

of the o coefficient, values which should be » 1077, Furthermore,
Dellinger (Ref. 33) reports that the ionization increased before the
third contact.

In short, these results can be interpreted only if one assumes a
variation of the recombination coefficient during the course of the
eclipse. As long as the eclipse is not complete, the recombination co-

efficient is very high (10_7 or more), but the onset of totality is
associated with the onset of night conditions, and the value of the
coefficient decreases. Thus, the minimum ionization is no less than

25 percent of the normal value. Furthermore, the value of the term GNE

6N

18 very high as compared to E, and the equilibrium conditions may be

considered in a practical case for the sake of calculation.

The results obtained during the eclipses make it necessary to con-
sider the diurnal variation of the ionization by taking into account
the values of the recombination coefficients. In Figure 7, we repro-
duce the calculated curves given by Hulburt (Ref. 30), where a =

- -8
2°10 9, 10  and ee. The only reasonable conclusion is the following:

the observations are best represented by a Valuel of the recombination

lpeterminations made by Appleton (Proc. Roy. Soc. London, 162, 451, 1937)
and by Best, Farmer and Ratcliffe (ibid., 164, 96, 1938) indicate that

during the day o 2 2'10_8.
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Figure 6. Theoretical values of the maximum elec-
tron concentration of the E region at Pernambuco,
Brazil, for the solar eclipse of 1 October 1940,
according to E. O. Hulburt, Phys. Rev., 55, 646,
1939.

The various curves were calculated for values
of @ = 10-9 to 2:10"3. The extreme case, where the
electron production is at any instant in equilib-
rium with the recombination, is represented by the
curve ¢ = oo

oN
E is

coefficient in excess of 2'10'8. In other words, the value of
so slight compared to P and to om§ during most of the day that the equi-

librium may be considered to be practically established at every instant
t between the production and the recombination of electrons.

Consequently, the value of the recombination coefficient of the E
region varies between lO_7 and 2'10-9. Well-defined and constant dur-
ing the night (2 to 4'10_9), it is markedly greater than this value
during the day, and various observations, the diurnal variation in gener-

al and the variation during solar eclipses in particular, reveal in all

cases values in excess of 2'10_8 and even 10‘7.
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Figure 7. Comparison between observations made at
Huancayo and the theoretical curves traced for dif-
ferent values of &, by E. O. Hulburt, Phys. Rev.,
55, 639, 1939.

The circles, points and crosses represent the
cbserved mean monthly wvalues of the electron con-
centration of the E region for January, February
and March 1938, respectively

Abnormal Variations

The particular conditions characterizing the abnormal conditions
are given various names such as "abnormal region", "abnormal ioniza-
tion", "intense ionization", and "perturbed layer". Apparently, there
exists a whole gamut of abnormal variations whose physical conditions
cannot always be precisely determined. However, it may be assumed that
in certain cases the abnormal ionization results from electron "clouds"
within the normal E region. The altitude of these clouds is generally
lower (by approximately several kilometers) than the maximum level of
the E region. This abnormal ionization appears both during the day and
at night and lasts for time intervals varying from a few seconds to one
hour. Furthermore, abnormal behavior seems to be manifested in the case
of a climax (especially at high and middle latitudes) by ionized clouds
of high concentrations which exceed the normal ionization of the E layer

3

and reach 106 electrons per cm”.
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Simple Perturbations

Among abnormal types of behavior there exist some perturbed condi-
tions which are well-defined and which differ from the irregularities
cited in the preceding paragraph; these are the perturbations corre-
sponding to the sudden short wave fade-ocut and to the correlative rein-
forcement of long waves. This phenomenon, which is simultaneous with
chromospheric eruptions, can be interpreted by assuming a sudden in-
crease in lonization at the base or above the E region, an increase
which causes an absorption of short waves and a better "reflection" of
long waves. A study of this ionospheric perturbation appears very
interesting because it also corresponds to a perturbation in the normal
diurnal variation of the earth's magnetic field and should make it pos-
sible to deduce the origin of the diurnal solar variation from the ter-
restrial magnetism. The characteristics of this perturbation should,
therefore, be determined (see Section 6).

TIonospheric Storm

This ionospheric perturbation, about which knowledge is only begin-
ning to progress beyond the descriptive stage (Ref. 34) should be con-
sidered as a disruption of equilibrium in the upper atmosphere. It is
actually the cause of the magnetic storm, for which descriptions are
very numerous. Since no quantitative observational data have been
published as yet, it is not presently possible to indicate the exact
nature of this perturbation or, therefore, to look for a gquantitative
theoretical solution of this problem.

Section 4. The F, Region
The Fl region can be observed only during part of the day, and the

characteristic properties of the variation of ionization are then anal-
ogous to those of the E layer. Also, the diurnal, seasonal and ll-year
variations of the two regions are comparable. Therefore, the same con-
siderations apply to these variations of the two regions, and they should
be interpreted by analogous théoretical relations. The recombination

coefficient is of the order of 10—8. However, the disappearance of the
Fl layer when the height of the sun is relatively low indicates a pecu-

liar behavior characteristic of this layer. During the night, the com-
plete disappearance of the'F1 layer, even at the Equator and at the low

latitudes, should be due to the variation in the value of the recombination
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coefficient, which at this level induces a decrease in electron concen-
tration such that it is lower than that of the E region.

Section 5. The F2 Region

Tn contrast to the simple variations of the E and Fl regions, the
ionization of the F2 region presents irregularities which observation

has not yet been able to follow completely. Moreover, fluctuations of
the electron concentrations are frequent and present numerous anomalies.
However, even if these anomalies are excluded, the various continuous
variations are complex and have not yet been elucidated. In the dis-
cussion which follows, the character of the principsl phenomena will be
described in order to permit a physical interpretation of the most
general results.

Altitude of the Ionization Maximum

Whereas the virtual heights of the ionization maxima of the E region
correspond fairly well to the real heights (thin layer), this is no long-
er the case of those of the F2 region, whose determination is strongly

influenced by the effect of the lower layers (absorption). In fact,
the variations of the virtual heights of the F2 region do not correspond

to the variations of the actual heights, i.e., the altitudes of the maxi-
ma of NE; attempts are being made to approximate these altitudes (Ref.

35). Figure 8 is a typical example of the different variations of the
real and virtual heights. Whereas the altitude of the E and Fl regions

diminishes under the solar influence, the Fs region shows rather an in-

verse variation of the virtual height. Indeed, in the course of the
year, the lonization maximum at the same station varies in altitude as
the height of the sun above the horizon. On the basis of the initial
results (Ref. 35), it would seem that the real altitude increases by
about 50 km from winter to summer. TIn addition, the latitude effect
also appears to be in the same direction; observations made at Huancayo,
Watheroo and Washington tend to show that the altitude of the ionization
maximum at Huancayo (Equator) is definitely greater than the respective
altitudes at Watheroo (Australia) and Washington. The real altitudes

of the ionization maximum of F2 at Washington and Watheroo are of the
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Figure 8. Values of the maximum electron concentra-
tion and of its altitude in the F; and Fp regions at
Washington in June-July 1938, according to F. L.
Mohler, Jour. Res. Nat. Bur. Stand., 25, 507, 1940

order of 350 km, whereas those corresponding to Huancayo are on the order
of 450 km. Since the results published on the real heights are still
incomplete and occasionally in mutual disagreement, it is not possible
to carry out a more extensive examination. After sunset, the altitude
of the F, region gradually increases, and the duration of the increase

seems to be shorter the higher the normal altitude of the layer. After
this increase, generally before midnight, the height of the layer remains
constant or decreases until sunrise (see Figure 8).

Diurnal Variation

If we consider the diurnal variation of the electron concentration
of all the stations distributed over the surface of the globe we find
all types of variations, which shows that the influence of the sun is
not expressed by laws as simple as those in the case of the E layer.
Typical cases include a distinct decrease in the electron concentration
about noon, when the sun is at its maximum height. This abnormal decrease
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can therefore be related only to the structure of the atmosphere, which
changes during the day and with the latitude. - Hence, 'an attempt should
be made to relate the electron variation to the variation of the height
of the region, but no accurate study has as yet been undertaken. How-
ever, an investigation made by F. L. Mohler (Ref. 35) into some simple
cases observed in Washington (Figures 8 and 9) makes it possible to draw
certain conclusions. Indeed, by admitting a priori the law

ONg

s .2
pralian Psmh(D — oNE (T.14)

0 10

we obtain a = 0.8'10-l for October 1938, and & = 110 ~ for November

1938.
For June-July 1938, if we assume that

()NE
o = P — BN (1.5)

we Tind B = 6-107°.
For September 1938, if we set

N,

—L = P oNi (1.6)
Jat

we have ¢ = O.7°10—lo.

By considering the values of the electron concentration for the
same hour angle, before noon (a.m.) and after noon (p.m.) during the

month of October, 1938, Mohler obtained the average value a = 0.9‘10_lo t

-10
0.2°10 1 , by writing

oN ON
(0(‘ E) a.m. - (ij) p-m. = [(Ng) p-m- (Nga.m,]a (I'Y)

a relation which results from (I.L).

Using the same procedure, Appleton (Ref. 30) had already found the
value 0.84-10710 for the recombination coefficient in England.

Finally, a comparison of the values for the sunrise and sunset for

20 months of the 1937-1939 period yields the values o = 0.9-10-lO g
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Figure 9. Values of the maximum electron concentra-

tion of the F, region and of its altitude at Washing-
ton in October 1938, according to F. L. Mohler, Jour.
Res. Nat. Bur. Stand., 25, 507, 1940

0.3'10_10. However, these results do not, in any way, clarify the ab-
normal decrease about noon and, in the final analysis, provide only ap-
proximate data for the simplest variations.

Seasonal and Geographical Variations

Whereas in the Northern Hemisphere the electron concentration is at
a minimum in summer and presents an annual variation similar to the
diurnal variation, its behavior is completely different in the Southern
Hemisphere. Despite numerous investigations (Ref. 36) undertaken in
order to determine the various components of the global variation, the
anomalies presented by the Fo region have not yet been elucidated. Thus,

Appleton (Ref. 37) has determined (Figure 10) the characteristic varia-
tion of the lonization of the F2 region for a period of solar activity
constant for two locations situated at 39°N and 3908 latitude, respec-
tively. According to Figure 10, there is first an abnormal seasonal
effect resulting from the existence of an ionization minimum in summer
(June-July for 39°N and December-January for 39°S). This phenomenon
should be compared with the relative minimum at noon. It would, there-
fore, be necessary to study the simultaneous variation of the real
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Figure 10. Characteristic variation of the noon elec-
tron concentration of the F, region for a constant
period of solar activity for two stations located at
the same latitudes in the two hemispheres.

The maxima P represent the spring maxima; the mini-
ma E, the summer minima; the maxima A, the autumn
maxima, and the minima H, the winter minima

height of the layer. Furthermore, the ionization minimum in winter at

the two stations may correspond to the normal decrease observed in all

the cases where the solar influence decreases. Finally, an apprecidble
asymmetry (Figure 10) which could not be related to any known variation
exists between the annual curves in the two hemispheres.

From the general behavior of ionization in the F2 region, it is

practically impossible to deduce simple variations analogous to those of
the lower regions, and it is therefore necessary to perform investiga-
tions along completely different lines. Because of the high altitude of
the F2 region, the ratio of the molecular concentration to the electron
concentration is appreciably lower than the ratio corresponding to the

E region. Hence, it is possible that the earth's magnetic field may
play the most important part in the distribution of the ionization. A
recent report by O. Burkard (Ref. 38) seems to indicate that this line
of research could be fruitful. By considering the semestral ionization
averages supplied by the stations whose data are sufficient, it is found
that a linear relation between the maximum electron concentration and
the cosine of the geomagnetic latitude exists. Furthermore, it is ap-
parent from the same results that an effect of the geomagnetic longitude
exists on the date of the appearance of the annual maximum and minimunm

)



W

31

of ionization. It appears, therefore, that the magnetic field Zauses a
dissymmetry in the distribution of the ionization with respect to the
normal geographical distribution. Furthermore, it may be noted that
there is a definite correlation expressed by a linear relation between
the geographical latitude and the average ionization. We can therefore
assume, in the final analysis, that an examination of new observations
of the Fj, region will have to be undertaken by considering the geograph-

ical and geomagnetic positions at the same time.

Long-Period Variation

Although it is practically impossible to determine the diurnal,
seasonal and geographical components of the variation in the electron
concentration of the F2 region, the type of variation subject to the

solar activity appears more readily. It is even sufficient, without
eliminating the other variations, to compare the average electron concen-
trations observed at a given station with the data which best represent
the solar activity. Indeed, one finds that there is a good relationship
between the two variations (Ref. 29). For the period from 1934 to 1937,
which corresponds to a little less than a half-cycle of the ll-year solar
activity, the average electron concentration at noon at Washington in

5

the F_. region changed from 4.2°107 to 1.&'106 electrons per cm3. During

2

the same period, the increase of the electron concentration in the E and
Fl regions is described by a factor (Ref. 39) of the order of 1.6.1

Similarly, if we compare the average values for the same month, for

Ng)
example, Q.E. July 1937 we find the value of the ratio to be 1.51 for

(M) gu1y 193k

the E region, 1.55 for the F
(Ng)

For ( E) July 1939

V) guly 1934

, region, and 2.34 for the F, region.

;, we have 1.4 for the E region, 1.3 for the Fy

region, and 1.71 for the F2 region. Thus, as was noted by F. L. Mohler

(Ref. 35), we find that the factor of increase in the ionization of the
Fo region resulting from the solar activity is approximately equal to
the square of the corresponding factor of the E and Fq regions.

lon the basis of the results of a study by Appleton and Naismith (Ref.
39), we have the following values for the ratios of the electron concen-

tration at the maximum and minimum of solar activity: 1.50 for E and
1.58 for Fy.
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If we compare the ll-year variation of the F2 region with the vari-

ous forms representing the solar activity, we find that the best correla-
tion is given by the facular plages of ionized calcium (see Goodall,
Ref. 40). However, this result merely indicates that the counting of
the facular plages is done on an srbitrary scale which tends to smooth
out the fluctuations of the facular activity in contrast to the scale
which gives the Wolf relative numbers for sunspots. In all cases, it is
possible to represent the effect of the solar activity in a simple form.
Let (NE)maX M be the maximum electron concentration of the region during
2
a solar activity maximum and (NE)max n be the corresponding value during
a minimum, ’

Let us set

(NE)maX,M

)

E'max,m

S (1.8)

i

and, on the basis of the interpretation indicated above for the experi-
mental results, we shall obtain the following relations which can be
accepted to a first approximation:

2 2

S,=2=5, =35 (1.9)

B Fl F2

where the indices E, Fl and F2 designate the regions E, Fy and Fg.

Nocturnal Variation

After sunset, the conditions of ionization are obviously less com-
plex, and the various experimental investigations yield fairly consistent
IN L
results. Thus, Appleton, by applying the law -—%

oL

= — oaNZ, has deter-

mined the following values of a for the southeast of England:

Period Value of & Period Value of ¢
25-26 April 1933 3.7 to 6.0-1071° 16-17 May 193k 2.9.10710
11-12 April 1934 3.6-107 10 24-25 July 193k 3.4-1071°
April (av.) 1934 2.5:10710 Sept. (av.) 1934  1.84-10710
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Similar determinations made by Mohler (Ref. 41) for the Washington

station give an average value of 0.7-10_10 for 20 months, distributed
over the period 1937-1939. These individual values of the recombination
coefficient ¢ do not differ very much from one another and are all

lower than those obtained by Appleton. This difference is due solely

to the fact that the coefficients do not correspond to the same period.
Indeed, similar determinations (Ref. 41) at Washington based on 10
months chosen during the 1934-1935 period yield values of & (as vari-

able as those obtained by Appleton) between 2:10710 and 6-10719,  con-
sequently, for the same period, the recombination coefficients & are
identical at the two stations.

Thus, this dispersion in the values of the recombination coeffi-
cient @ and its variation as a function of NE (1934 +o 1937) indicates

that « depends on the value of the electron concentration. In other
words, one should write (see Note in Section 3, page 20):

— = — aNZ — fNg (T.10)

This relation, applied to the nocturnal variation of NE in the case
studied by Mohler for June-July 1938 (Figure 8) yields

ONg
s = — 03X 107 Np—2 X 10-5 N, (1.11)

This result applies to an average altitude of 360 km, corresponding
to the maximum of the electron concentration. On the basis of the
knowledge of the variation at a lower altitude (270 km), Mohler (Ref.
41) was also able to study the nocturnal variation and obtained

ONp
at

= — 17 X 10—5 N (1.12)

which demonstrates the increase of an equivalent recombination coeffi-
cient with the increase in molecular concentration.

In short, the nocturnal electronic variation of the F2 region fol-

lows a law different from that of the E region. The remarkable con-
stancy of the effective recombination coefficient in the E region con-
trasts in the F2 region with a variation law that depends directly on

the electron and molecular concentration.
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Variation During Eclipses

Observation of the variation of ionization in various regions of
the ionosphere during eclipses should provide the indisputable criterion
of the electromagnetic or corpuscular nature of the solar radiation
causing the ionization. Whereas, in the case of the E and Fl regions,

there exists a perfect simultaneity between the electron variations and
the eclipse of an electromagnetic radiation, the results obtained for

the F, region do not quite agree (Ref. 31).

Despite the rapidity of the effect of the sun at sunrise, the
corpuscular origin of the ionization has always been considered possible
by various authors. However, recent determinations made in Brazil
(Ref. 33) and South Africa (Ref. 42) during the eclipse of 1 October
1940 have finally supplied an experimental confirmation of the fact
that the F2 region is subjected to solar ultraviolet radiation. Thus

far, we do not have all the details of the observations, but we can de-
duce from the information obtained (Ref. 42) that the instants of mini-
mum electron concentration appear, respectively, 30 minutes and one hour
following totality in South Africa and Brazil. Whereas in Brazil the
decrease in ionization up to the end of totality corresponds to a recom-

_10, the ionization observed after the eclipse

10

bination coefficient a = 10

is less than the value which should be expected for o = 10~ On the
other hand, in South Africa, the observed variation corresponds to a de-
crease of about 25 percent and the observed a coefficient would be of the

order of M'lO-ll. Finally, the search for a corpuscular effect has shown
that the latter did not take place,

In summary, the observations performed during eclipses reveal that
the electron production of the F, layer is not in equilibrium with the

recombination. The low relative value of the equivalent recombination
coefficient a as well as the differences observed in the course of the
same eclipse prove satisfactorily that the laws of the electronic varia-
tion are strongly dependent on the physical conditions of the upper
atmosphere.

Perturbations

While the normal conditions characterizing the F,, layer are ill-

2

defined, various perturbations such as sporadic fluctuations and
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ionospheric storms admit of only pictorial descriptions. While awalting
data on the fine structure of the ionization state, we shall confine
ourselves to the general considerations which have already been indi-
cated in the case of the E layer.

In conclusion, the results acquired by observations of the F2 re-

gion indicate that the electron concentration is subjected to the effect
of electromagnetic solar radiation. However, the low value of the re-
combination coefficient shows that the layer undergoes fluctuations
which depend mainly on the physical conditions of the atmosphere at high
altitudes.

Section 6. Sudden Fade-Out

During the development of an eruption within a facular solar plage,
a magnhetic perturbation whose maximum intensity is observed when the sun
is at the zenith appears simultaneously with a sudden fade-out of short
waves and with a reinforcement of long waves. An ionospheric study has
shown primarily that the F2 region suffers only slight modifications

(Ref. 43) due to the solar eruption. Indeed, it can be shown that after
the fade-out has ceased, this region preserves the same structure as
before. Moreover, since the normal behavior of the ionization makes it
possible to show that the recombination coefficient is no greater than
10'10, it is certain that if important modifications were involved in
the structure of the F, region, they would necessarily be observed. As

far as the E layer is concerned, where the recombination coefficient is

greater than 10 8, the fade-out effect may disappear a short time after
the fade-out has ceased, for the layer returns rapidly to its equilib-
rium state. L. V. Berkner (Ref. 43) has shown that the E region reap-
pears with a slight increase in the electron concentration. Thus, since
the absorption is sure to take place below the maximum electron concen-
tration, it may be concluded that the fade-out results from an increase
in the ionization at the base or below the E layer, i.e., at an altitude
of less than 100 km.

Sudden short wave fade-outs are reflected in recordings of atmos-
pherics. R. Bureau (Ref. L) has shown that a sudden reinforcement of
long waves is shown by the recording of atmospheric noise. On the other
hand, Budden, Ratcliffe and Wilkes (Ref. 28), by studying the propaga-
tion of long waves of 18.8 km, fixed the average altitude of the "reflec-
tion" level at 67 km. In summary, the ionospheric observations show
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that the ionospheric perturbation with a sudden commencement 1s localized
between 65 and 100 km.

The magnetic effects associated with solar eruptions show well-
defined characteristic properties. Mc Nish (Ref. 45) has shown the simi-
larity of the respective changes in the earth's magnetic field during
the normal diurnal variation and in the considered perturbation. Indeed,
for a given station and hour, the perturbation is manifested by a modi-
fication of the earth's magnetic field similar in magnitude and direc-
tion to that of the normal diurnal variation. In other words, the
chromospheric eruption produces an ionospheric perturbation and hence
an associated magnetic perturbation whose essential feature is an in-
crease of the normal diurnal variation of the earth's magnetic field.
Such an effect coupled with the ilonospheric results indicates therefore
that the normal magnetic diurnal variation results from a current of
charged particles in a region situated between 65 and 100 km, and that
the magnetic perturbations corresponding to sudden ionospheric perturba-
tions arise in the same region of the upper atmosphere.

Since our purpose is to determine the physical conditions which
take into account all of these various properties, we have to consider
the nature of the association which exists between the fade-outs and the
eruptions. A quantitative study has not yet been made, but a statistical
investigation by Giovanelli and Higgs (Ref. 46) during the 1937-1938
period corresponding to the solar activity maximum makes it possible to
draw certain conclusions. The appearance of a sudden fade-out depends
both on the intensity and on the surface covered by the eruption. Al-
though it is not yet possible to determine the relation existing between
the values of the surface area and the intensity, it appears neverthe-
less that the product of these two variables must exceed a certain limit.
Furthermore, for an intensity of the Ea line of hydrogen lower than that

of the nelghboring continuous spectrum, an eruption produces a fade-out
only in exceptional cases. Finally, because of the influence of the
optical thickness traversed by the solar rays, the height of the sun
above the horizon must reach a minimum value of 150 to make a sudden
fade-out of short waves observable.
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CHAPTER IT. SOLAR RADTATION

Section 1. Introduction

That solar radiation plays an effective part in the formation of
the lonosphere is proven directly by daily observations of the varia-
tion in the ionization of the upper atmosphere. Furthermore, there is
no doubt whatsoever about the nature of this radiation, for observations
during solar eclipses have revealed that the ionizing agent propagates
at the speed of light. In addition, since the atoms and molecules in
the upper atmosphere have relatively high ionization potentials, it fol-
lows that the solar energy absorbed in the process of ionization corre-
sponds to the invisible ultraviolet region of the spectrum. Thus, the
first problem to be solved in determining the physical properties of the
ionosphere is to investigate the fundamental characteristics of this
radiation. In other words, it is necessary to determine the solar energy
usable for the ionization of the upper atmosphere by taking into account
the results of observations and the theoretical conclusions. Thus far,
the application has been confined to the determination of a simple emis-
sion of a black body whose temperature is of the order of 6,OOOOK.l
However, this concept is excessively simple, and we shall show that it
is necessary to consider the complete structure of the solar atmosphere
in order to deduce the actual source of the effective radiation.

In accordance with the means of investigation employed (Ref. L47),
the solar atmosphere shows us the various layers which comprise it.
Visual or photographic observation shows us the photosphere with its
granulation, which produces the total radiation determined by the solar
constant. Hence, by applying the Stefan-Boltzmann law relative to the
total radiation emitted by a black body, it can be deduced that the ef-
fective temperature of the sun is of the order of 5,T740%K. However,
even if this temperature accounts for the total energy radiated by the
sun in the observable region, is it still adequate for the invisible ul-
traviolet region? On the affirmative side, it is implicitly assumed
that in the extreme portions of the spectrum, the sun follows the laws

lF. L. Mohler (Science, Vol. 90, 137, 1939) has suggested the effect of
floceculi, which should be at a temperature of T7,500°K, on the production

of ionization of the F2 layer.
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of radiation of a black body at the fixed temperature of 5,7MOOK. This
is inadmissible, since this effective temperature differs from the tem-
peratures given by the laws of Wien or Planck. Indeed, the maximum in-
tensity of the spectrum gives a temperature of the order of T,000°K.
Moreover, a comparison of the energy distribution in the solar spectrum
with the distribution corresponding to Planck's law indicates different
temperatures in the different spectral regions. In the final analysis,
all these temperatures have only a limited meaning, and some agreement
should be reached concerning the concept of "temperature". It is ob-
vious that we cannot consider a temperature deduced from the application
of black-body laws to the sun to be a thermodynamic temperature. We
shall therefore assume an "equivalent temperature", which will make it
possible to account for the spectral properties of the radiation emitted
in the invisible ultraviolet by application of Planck's law.

Above the photosphere which emits the continuous spectrum, a spec-
troscopic observation shows us the reversing layer, which produces ab-
sorption lines. This layer is therefore at a temperature lower than
that of the photosphere. Determinations indicate that the limiting tem-
perature at the upper part of the layer is of the order of 4,84L0°K.

Spectroheliographic and spectroscopic observations during eclipses
show the presence of a layer which is concentric with the reversing
layer, the chromosphere, which is characterized by the emission of no-
ticeable radiations such as the lines of hydrogen and helium. Finally,
the last layer, the corona, emits forbidden radiations of strongly
ionized elements.

Hence, if use is made of the results acquired by observation of
the layers of the solar atmosphere, no distinct picture of the ultra-
violet emission is directly obtained. However, as far as the continuous
emission 1s concerned, it is necessary to retain the possibility of ra-
diation from a black bedy at various equivalent temperatures. In the
case of the monochromatic emission, the chromospheric radiations cannot
be neglected a priori, particularly since the facular plages correspond
to an excess of these radiations in comparison to the normal chromo-
sphere. 1In addition, since the number of facular plages is a function
of the general activity of the sun, the monochromatic chromospheric
emission should be related to the general solar activity.

In summary, the solar radiation, which may determine the ilonigza-
tion in the upper atmosphere, can only originate from the continuous
photospheric radiation which has traversed the various layers of the
solar atmosphere, and from the nonreabsorbed ultraviolet chromospheric
radiation.
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Section 2. Radiation of the Continuous Spectrum

In determining the ultraviolet energy which reaches the top of the
atmosphere, an approximate representation has always been adopted. The
sun is considered to be a black body with an absolute temperature TS.

Such a schematization permits one to calculate the emitted energy by
the application of Planck's law.

Let es(v) be the radiation density (of frequency v) of the sun
considered as a black body. At the top of the atmosphere, the density

+ 2 2 L d
of this radiation is reduced by the dilution factor B, = R /hr =

5.4-10_6 (R is the radius of the spherical source = radius of the sun,
and r is the distance of the point considered to be at the source =
distance from earth to sun). Hence, using Planck's law,

ﬁst(V)

_ 8Bt/ hv/KTs )*‘ (II.1)

3

represents the density of the solar radiation of frequency v at the top
of the atmosphere. In this relation, the symbolsl have the usual

meaning: h = 6.62-10'27, Planck's constant; k = 1.379-10'16, Boltzmann's

constant; c¢ is the speed of light and TS is the sun's temperature.
The energy of a quantum of frequency v being hv, the number of

quanta emitted per second per cm2 and reaching the top of the atmosphere
is given by

~V.,

v,
. co{v) , 8uf Ve [ Iv/KT —1
Q= ﬁij e T Te ( (P
\ L2 ’

1 Vi

where Vs and vy represent the two frequency limits between which we are

considering the emission. The integrated relation (II.2) is then
written in a simplified form used for numerical calculations,

1
The unit system employed in this work is the CGS systen.
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if we assume that th/KTS is appreciably greater than 1. This case
holds for the entire unobservable ultraviolet region.l

Thanks to expression (II.3), we have deduced the number of guanta
usable at the top of the atmosphere for certain spectral regions. TFor
T, = 6,000, 5,740°K and 5,0000K, the results are collected in Table 1.

The selected frequency limits may seem arbitrary at first sight; in fact,
they correspond to certain regions which are immediately applicable to the
photoionization of the compounds found in the atmosphere. 1In Figure 11,

Table 1. Number of quanta usable at the top of the atmosphere
for various temperatures of the black body

. tipiitréivregioi i T = 6,0065_ T = 5,7400 T = 5,0000
. -1 .
/e i?,ggo ;?6§6 1.2-1017 9.2-10%°
41,450 2,12 1.6-1017 1.0-1019 1.6-100%
57,100 1,750 7.2:1073 3.7-10%3 3.5-10%°
77,000 1,300 1.1-1012 l;.3-1oll 2.2'1010
100,000 1,000 7.0-10° 1.8-10° 4.8-10"
109,670 910 7.9-108 2.5-108 3.6-106
117,670 850 1.3-108 3.8-107 4.110°
125,670 795 2.2-107 5.9-106 4.65-10lL
151,300 661 6.5-10lL 1.4-10lL 3.3-100
198,300 504 1.3-10° 1.8-1071 9.5-1077
1Tf 1 is not negligible compared to e X, it is sufficient to write

x° ¥ (L+e™*+ T ...) dx,.
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a graphical representation is given of the results obtained with the aid
of (IT.3) for A 910 ! and 5,0009K { T 12,000°K. This representation

.will permit a comparison with the results obtained by a study of the
chromospheric emission.

The first conclusion which may be drawn from Table 1 is a rapid de-
crease in the number of quanta at the ultraviolet end of the spectrum
when the temperature decreases. One can thus understand the general
tendency to use elevated temperatures for the explanation of geophysical
phenomena necessitating an abundant ultraviolet energy. However, it is
impossible to assume in all cases an excess of far ultraviolet with
respect to a black body at 5,000°K. Indeed, we know from a quantitative
analysis of the solar atmosphere that atomic hydrogen is the most abun-
dant constituent. This atom, whose ionization potential is equal to
12.53 ev, has a continuum whose absorption coefficient is equal to

8

6.6-107" VO3 v'3, where v, denotes the ionization frequency. Calcula-

tion shows that the major part of the photospheric radiation of wave-

lengths below 910 X is absorbed, and that the continuous energy emitted
by the photosphere cannot escape from the solar atmosphere. The origin

of ultraviolet radiation with wavelengths of less than 910 R should,
therefore, be sought in the chromosphere.

Section 3. Chromospheric Radiation

The chromospheric emission in the observable spectral region is
characterized by intense radiations, among others those of hydrogen and
helium, which are immediately followed by transitions corresponding to
radiations in the far ultraviolet. The emission of lines of the Balmer
series of hydrogen is associated with the emission of lines of the
Lyman series, which correspond to transitions from the normal state.
Under the same conditions, neutral helium HeIl emits radiations of very

short wavelengths which form a series whose first line is A 584 &;
ionized helium HeII also presents lines of a fundamental series whose

wavelengths are less than 303.7 2. A radiation at 1,640.5 R is emitted
immediately after the observable radiations of HeIl.

In addition to this emission of monochromatic radiations, the pre-
sence of the Balmer series continuum is also observed. Such a continuous
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spectrum, which is due to the radiative recombination of electrons and
positive hydrogen ions in the second quantum state, 1s analogous to an
invisible continuum at the limit of the Lyman series.

No data are available at present on this chromospheric emission in
the far ultraviolet. However, a determination of the quanta usable at
the top of the atmosphere should allow a comparison with the continuous
emission of black bodies at various temperatures. To this end, we shall
investigate the energy emitted by the solar atmosphere by means of
measurements of the intensities of observed chromospheric radiations.
The results obtained by Menzel and Cillié (Ref. U48) constitute a body
of data which will serve as the basis for our determination.

In measuring the chromospheric radiation intensities obtained
during solar eclipses, we consider the energy radiated by a slice of
the chromosphere. This slice (see Figure 12) corresponds to a volume
bounded by a plane A tangent to the edge of the moon and by two parallel
planes B and C which are perpendicular to plane A. These various planes
are located in the direction of the observer. Plane A 1s located at a
height x above the face of the chromosphere and planes B and C are
placed at a distance of 1 cm, in order to define a chromospheric slice
(1 cm thick) located at a height x above the base of the chromosphere.

The chromospheric slice thus defined may be divided into columns

1 cm2

in cross section. Such a transverse column is, therefore, a paral-
lelepiped whose section is equal to 1 cme, and which traverses the chro-
mosphere from one end to the other at a fixed height above the base of
the chromosphere. However, what we are interested in is not the radia-
tion emerging from a transverse column but the radiation emerging from a

radial column with a cross section of 1 cm2.

To determine the relation which gives the ratio of the emerging
radiations of the transverse and radial columns, it will suffice to con-
sider the energy emitted within these columns. If Et and Er are the

radiative.energies emitted within the transverse and radial columns, and
Nt and Nr are the respective numbers of emitting atoms within these

columns, we can write

B, N
.1 (II.%)

E, N,
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In order to determine the values of Nt and Nr’ let N be the atomic

concentration at altitude z above the base of the chromosphere. In the
case of an exponential distribution of the constituents, we have

N=N_e (IT.5)

where 6 is the logarithmic parameter of the distribution and NO is the
number of atoms at level z = O.

From (II.5), it follows that the number of atoms in a radial column
whose base is located at a height xl is

o ~C
— 0z N — bz,
\] e T~ =— J A .___o
N_ = Ndz = N, J e dz = 2 ¢ (11.6)
- x
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On the other hand, the total number of atoms of a transverse column
located at altitude x above the base of the chromosphere is equal to
(see Figure 13)

+
Nt=J N(2)dy (TI.7)

where y is given by the relation (R being the solar radius):

co@®+2)®- ®+x)? (11.8)

Since z and x are negligible compared to R, we can write to an ex-
cellent approximation

y2
Z = X + —ERT (II-9)

Based on (IT.9), expression (II.7) is written as

( = 2 b 2 ( . )

Finally, taking into account (II.6 and 10) where x = x,, relation
(IT.4) is written as

= (2n6R) 1/2 (TT.11)

tljltx:l
ot

This relation thus gives the ratio of the energies emitted within
the transverse and radial columns. This ratio corresponds to the ratio
of the intensities of a radiation emerging from the transverse and radial
columns when the reabsorption is negligible.

A. Chromospheric Emission in the Continuum at the Limit of the
Lyman Series of Hydrogen

On the basis of the values of the intensities observed in the
various regions of the continuum of the Balmer series (A < 3,640 X), we
shall deduce the distribution of the energy emitted within the chromo-
sphere for the ultraviolet spectral region corresponding to the continuum

W
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of the Lyman series (A < 910 R). Next, we shall determine the reabsorp-
tion within the chromosphere in order to calculate the energy escaping
the solar atmosphere.

Menzel and Cillié (Ref. 48) have furnished the values of the chro-
mospheric emission at various wavelengths of the Balmer series continuum.
They thus obtained the energy radiated per slice of the chromosphere in
a certain frequency interval for the solid angle Lx. Thanks to the re-
sults obtained during the solar eclipse of 1932, one finds that the
energy radiated at the head of the Balmer series continuum in a complete

. . dv -1, e ot
solid angle for an interval - = 1 cm is equal to 3.24°10 erg per
second . This energy corresponds to the radiation emerging from a chro-
mospheric slice of 1 cm2 cross section, when the edge of the moon is
1,500 km beyond the edge of the sun. Menzel and Cillié hold that this
region represents the global chromospheric emission (in 1932, during the

solar activity minimum).

Hence, if we neglect the reabsorption effect, the energy emerging

from a radial column (E__ ) for an interval &V = 1 cm ! will there-
CBa v=vO c
fore be equal to
(E._ ) = 3.2410M1.551078 = 4.99-103 erg seclen 2 (1I.12)

E
CBa —
V=V O
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where 6 = 1.5410" cm_l. The indices C and Ba indicate that we are
dealing with a continuum of the Balmer series.
These h.99-103 ergs result, therefore, from the emission of a con-

dv 1

tinuum 22 = 1 cm — which corresponds to the radiative recombination of
c

positive hydrogen ions and electrons. It is readily shown (see formula
(Iv.41)) that for a given electronic temperature TE, the energy distri-
bution Ecdv within a continuum is given by

2 , In 2 — b (v — v)[KTgy,
By = CN+N, P P (v)vie dv (TT.13)

where Cl is a constant, N+NE is the product of the numbers of positive
ions and electrons, h and k are Planck's and Boltzmann's constants, o

is the ionization frequency, 8, and g, are, respectively, the statistical

weights of the quantum state n and of the ionized state, x(v) is the
absorption coefficient, TSE = 12,000°K according to the observations of

Menzel and Cillié (Ref. 48), and where v > Vo

In the case of hydrogen, the absorption coefficient x(v) is given
by

--3

z(v) = C, L;—l_,; zz x(vu)vz v -3 (rT.1%4)

where 02 is a constant and n is the principal quantum number.

Using (IT.1k4), equation (II.13) may be applied to hydrogen and,
since g, = n2, g. = 1, may be written as

—h(v —vo JIETy gy

Bedv = CaN+N, T e = (T1.15)
(3

where 03 is a new constant.

For the Lyman series, n = 1, and for the Balmer series, n = 2;
hence, (II.15) makes it possible to write, v - v, being identical for



the two continua, that the ratio E /E of the energy distributions

is equal to CLy CBa
E
CLy - 8 (11.16)
ECBa

From (IT.12 and 16), we find that the total emission within a
radial chromospheric column at the head of the continuum of the Lyman

series and for an interval v _ 1 cm_l is given by
c

-2

) - %.99°103-8 = 3.99-10" erg sec™tem (11.17)

E
CLY V=VO

Finally, by virtue of (II.15 and 17), the energy distribution in
the continuum will be given by

3,99 x 104 32 — — v)/E T,
= X 1315 X 10° X Mg e by —=vdlkl s g, (11.18)

Bery dv =

and the number of quanta Q(v) by

5.25 X 10 s —h{v — v )ET. . dv
Q(vﬁhr::—“3w2i<- 1532, (v = velf su:% (IT.19)

The numerical factor 5.25'1010 involved in this last expression is,
in the final analysis, provided by observation. It is a function of the
product N'N_, which depends on the ionization conditions in the chromo-
sphere.

In a fixed spectral range, vl t0 o=, the number of quanta of the

Lyman continuum emitted within a radial column of the chromosphere is
obtained by integrating expression (II.19),

e P o -
525 X 101° '1‘5753123,1 vo/l‘lss e——/LV/I»ISE
Q(v)dv = L v (IT.20)
ch
vy v
By setting 2 = x and
Sk

T
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v e
It (/:rs;) = = dz (IT.21)
hv JKTgg
(IT.20) may be written as
® !
y.2’.— X 1010 r \--31‘2 hvo/k’r DR Al tv
[A Q(V)(l\' = ° LLCF— ‘lSE € ¢ L A:'F;LF (II°22)

v

Consequently, the number of quanta corresponding to A< 910 hi¢
emitted within a radial column of the chromosphere is determined by a
relation such as (II.22) when the electronic temperature is known.

The distribution. parameter & of hydrogen, which is equal to
1.54'10_8cm-1, corresponds to the distribution parameter of the quantum
emission of the Lyman series continuum. Indeed, the value of the recom-
bination (giving the quanta of the Lyman series continuum) is propor-
tional to the product of the number of positive ions and electrons.
Since the ionization state in the chromosphere depends on the ioniza-
tion of the main constituent, hydrogen, the vertical distribution of
the number of quanta emitted follows the law

a(v) = ay(v) ™% (1T.23)

where 6 = 1.54'10_80m—1, qo(v) is the number of quanta of frequency v

emitted at the base of the chromosphere, and q(v) is the number of quanta
for frequency v emitted at altitude z.

By integrating the two terms of (II.23) between the limits z = O
and z = e= , we obtain the number of quanta of frequency v emitted within
a radial column

- .0 a.(v)
Q(\r) ::J (Iu(\’) [ 0: ds =~ Icf“\‘ (II.2)+)

1]

Although the formulas (II.22, 23 and 24) provide complete data on
the number and distribution of the quanta emitted within the chromo-
sphere, it is nevertheless true that these quanta cannot all escape the
solar atmosphere. Owing to the effect of reabsorption of hydrogen, the
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gquanta CLy (Lyman series continuum) undergo a degradation (cf. the
Zanstra theory of nebulae), since they can be reemitted in the Balmer
series, Paschen series, and finally, by La, the first line of the

Lyman series. Let us calculate this effect by using the working hypo-
thesis that the degradation is complete.

Let g (v) be the number of quanta of frequency v emerging from the
chromospheYe when the emission takes place within a radial chromospheric
column located between altitude z and the outer edge of the chromo-
sphere. We can then write .

N{D=(v)d
q:1(v) = q(v) e~ - q(v) c—Jz NUDxvdz (T1.25)
where 1(v) is defined by

dt(v) = x(v)N(H)dz (1T.27)

x(v) being the absorption coefficient and N(H) the concentration of
neutral hydrogen atoms.

Taking into account the vertical distribution of hydrogen and that
of the number of emitted quanta (II.23), (II.25) may be written in the
form

J. e %2 g,
G1(v) = qo(v) ¢ %% c#MIN(T)J ' (T1.28)

Then, by integrating (II.28) between the limits z = O and z = =,
we obtain the total number of quanta Ql(v) emerging from the chromo-
sphere, namely:

e - o — 0z
. 0 . . J‘ e dz
Ailv) = ¢r(v)dz == qo(v) e 02 o—2()No (1) P d2 (I1.29)
1]

o

After performing the integrations, we get the formula

() AN
R S G TI) [1 ¢ 0 } (IT.30)
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which gives the number of quanta of frequency v emerging from a radial
column of the chromosphere with the assumption that the reabsorption
definitely degrades the quanta emitted in the Lyman series continuum

into quanta of the first line of the series, L, (A = 1,215.7 %).

In order to apply (II.30), it is necessary to know the value of the
absorption coefficient of hydrogen; knowing the constant 02, we deduce
from (II.24) that in the Lyman continuum,

x(v) = 6.66°10"18 vgv_3 (11.31)

In addition, it is necessary to know the hydrogen concentration.
We obtain its value as follows: Menzel and Cillie (Ref. 48) have de-
termined the number of atoms of ionized calcium NO(Ca+) at the base of

the chromosphere to be 2'108 per cm3; from the results of Strdmgren
(Ref. 49) we deduce that the ratio of the abundances of hydrogen atoms

to calcium atoms 1s equal to 6.15’105. Hence, by assuming that the cal-
cium is practically ionized once, the number NO(H) of hydrogen atoms

14
per cm3 at the base of the chromosphere is equal to 1.23°10 .

By substituting the numerical values in relation (II.30), we see
that

2{(v)N,(IT) 6.6 x 10--18 x 1.23 x 1014
e Ty =e T stk doos = e— 54 x 100 (I1.32)

and hence that
z(v)N,(IT)
[1—-e——' '-3—~—{]331 (11.33)

Using (II.33), we can write (II.30), to an excellent approximation,
in the following manner

Y o __L]o('\')d'\'__
R N (ID)x(v) (IT.3L)

whence, taking (II.31) and (II.24 and 19) into account,
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B25 X 1000 Tgd?  — h(v — v,)/kTg T
QO = TRy av T3)

The total number of quanta of frequencies comprised between vy and

e escaping from the chromosphere is obtained by integrating (IT.35)

d YN ] ’o, IA"J‘~,. «@
595 x 1010 P52 g Vo K s . — WY /BTy g
QI = "= () ueged Ve (11.36)

v, v

whence

o m -
5.25 X 1010 o jpci Mo/ W e 2

Qi (v)dv = —— e f [ W ) + 1 (T1.37)

Wy, /Ty, | \Fogs

v, NG (1) % (ve)v3 e

When the constants are replaced by their numerical values, (x1.37)
may be written as

co

3 , rp h 2
le(\r)(l\' = 127 x 106 7Y ¢ R - ) /B, [(71’ o 1) + 1] (11.38)
v SRk

Vi

The number of quanta (with frequencies comprised between vy and e=)

which reaches the top of the atmosphere per second per cm2 is then given
by

3
bE SE

<o
) . / 2
Q == ﬁSJ‘Ql(v)dv = 684 1% ¢ M1 — Vo) /kTgy [(Iﬂ# + 1) + 1] (I1.39)

v,

6 is the dilution factor.

where B_ = 5.4°10°
In order to determine the numerical values from the latter expres-
sion the value of the electronic temperature which must be adopted is
12,000°K. Indeed, the initial relation (II.13) on which (II.39) ulti-
mately depends results from the observed distribution of the radiation
energy in the Balmer series continuum. On the basis of the spectra ob-
tained during the solar eclipse of 1932, Menzel and Cillié (Ref. 48)
find a mean value of the electronic temperature Tgn equal to 12,000°K.
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In adopting this value, we shall note nevertheless that there are varia-
tions from one eclipse to another, and that the continuous spectrum of
the Balmer series is subject to fluctuations even within the chromosphere.

The numerical results obtained by calculation with the use of ex-
pression (II.39) are indicated in graphical form in Figure 11. We see

that the radiation emerging from the chromosphere (A < 910 X) does not
follow the law of a black body. For lower wave numbers, the total num-
ber of quanta reaching the top of the atmosphere is of the order of the
number of gquanta which can be produced by a black body at a temperature
5

in excess of 5,7hOOK. However, for a wave number in excess of 1.6°10

em™t (or A~ 625 K), the chromospheric emission surpasses that of a
black body at 7,000°K. Hence, the radiation emitted by the sun in the

spectral range of A < 910 R does not correspond to the radiation of a
black body.

A comparison between the emission of a black body at 12,OOOOK and
the effective chromospheric emission determined by equation (II.39) makes
it possible to deduce a law pertaining to the properties of black bodies.
In Figure 11, it will be noted that the curve corresponding to a black
body at 12,000°K is parallel to the curve which we have deduced by ap-
plying (IT.39); the difference expressed in log is equal to 5.71. In
other words, we find that for a fixed temperature TSE’ the minimum num-

ber of quanta with A < 910 X which reaches the top of the atmosphere is
a constant fraction of the number of quanta which would be emitted by
the sun, a black body at a temperature TSE'

B. Fmission of Lines of the Lyman Series of Hydrogen

During the reabsorption of the quanta emitted in the Lyman series
continuum as a result of processes of recombination of electrons and
positive hydrogen ions, part of these quanta undergo a degradation. By
virtue of the constitution of the quantum states of hydrogen, emission
takes place in the Balmer, Paschen, and Lyman series. However, at the
very center of the Lyman series the quanta LB’ Ly, ... may be reabsorbed

and reemitted in the form of the quanta Hys HB and Fos <o and finally
La. In other words, after a certain number of processes of reabsorp-

tions and emissions, the major part of the energy reabsorbed in the o
photoionization phenomenon is transformed into Lb quanta (A = 1,215.7 A).
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From the above, we deduce that the. chromospheric emission of the
radiations LB’ L , ... of the Lyman series produces lines whose intensity

cannot exceed the intensity of the neighboring continuous spectrum. On
the contrary, in the case of La, its intensity is a function of the

entire energy reabsorbed in the process of degradation of the quanta

A < 910 X. Hence, in order to obtain an estimate of the energy emitted
within the chromosphere by the chromospheric radiation La’ it is suffi-

cient to consider the reabsorbed energy of the Lyman series continuum.
If we replace the symbols of expression (II.22) by their values
T . 12,000°K, v1/c = 109,670 em™t, we obtain the number of quanta (A<

s
910 R) emitted within a radial chromospheric column

(<o)
J. Q(v)dv = 159 X 10 quania sec—1 em—2 (IT.41)
Vi

Since the number of quanta (A < 910 X) emerging from the chromo-
sphere is given by (IT.38), we obtain (TSE = 12,000°K, vl/c = 109,670
em™t)

=)
(- Qi(v)dv = 3,33 X 10* quaniasecc—! em—2. (IT.42)
Yy,

By comparing these two results, we can conclude that the number of

La guanta emitted within a radial chromospheric column is equal to

1.59'1019. On the other hand, since the observations of visible chromo-
spheric radiations (H and K of Ca+, for example) indicate the existence
of a reabsorption whose theoretical explanation is not sufficient, we
have to assume that the emission of La, as just determined, represents a
maximum.

Consequently, the maximum number of L, quanta which can reach the
top of the atmosphere is equal to

1.59'1019'5.4'10'6 = 8.59-1013 quanta sec™t em2,
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This numerical result also shows that the number of La gquanta ex-
ceeds the number of quanta which could be produced by a black body at

(@]
6,000°K in the spectral range of A < 1,350 A.
>

C. Chromospheric Emission of Helium

Among the radiations emitted in the far ultraviolet (A 584 A,
537 R, ...) by neutral helium, the second line of the fundamental series
A 53T K lends itself to a determination of the number of quanta emitted
by the chromosphere at this wavelength. The higher state 3 lPO of the
transition 1s S - 3p lPO (A = 537 &) is also the higher state of the
transition corresponding to the line A 5,016 X which is observed in the

chromospheric spectrum. Thanks to the observations made by Menzel and
Cil1ié (Ref. 48), we find that the number®of quanta emitted in a trans-

verse column tangent to the solar edge produces 1.62‘105 erg sec Tem 2,
If we take relation (II.11) into account, and assume the absence of

-8 -1
any reabsorption, with 6 = 0.78+10 cm , we find that the radial emis-

sion of A 5,016 X is given by

1/2 aq -
E,. = E (2n6R) / = 2.75-103 erg sec tem 2.

Since a quantum at A 5,016 8 is equivalent to 3.95:10 - erg, the
number of quanta Q(vl) emitted in a radial column by radiation of

A 5,016 R is therefore

2.75.10° 2

Qv,) = 7'1014 quanta sec™t cm” (IT.43)

T 3.95.10712

The ratio of the probabilities of emission of radiations with A\ 537

% and A 5,016 & of He is equal to 40.5. Hence, we deduce the emission of
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Q(vy) within the chromosphere through A 537 2

Q(vg) = 2.8'1016 quanta sec™T cm-2 (TI.4k)

In order to determine the number of quanta escaping from the solar
atmosphere, we must first take into account the reabsorption produced by
chromospheric hydrogen. Let

a(v) = a (v) e 1" (T1.45)

be the law of vertical distribution of the quanta emitted within the
chromosphere by the radiations of neutral helium. On the other hand,
for hydrogen, we have a distribution

N(E) = N,(5) o022 (11.46)

[ J
We have already seen that the parameter 6 = 92 for hydrogen is

6, = 1.54-10'8 — (II.47)

whereas for helium, Menzel and Cillié (Ref. 48) find

6, = 0.78-10'8 em T (I1.48)

By comparing (II.47) and (IT.48), we find that we can write, to an
excellent approximation,

6, =20, (II.49)

If we consider the law (II.25), which applies without restriction
to the case under consideration, we have, on the basis of (11.49)

[
L ql(\') = (]0(\1) c-“OI: c"“‘}i(\‘)\(,{ﬂ)’ o

B o

?
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= qo(v) e e 0,
Lo FOOR(D) T
s e Ce 24,
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(11.50)

Tn order to obtain the effect of the entire chromosphere, we con-

sider the integral

- 2(v)No(11) e 20,2
Qi(v) = ‘IO(")j e 0% o— - : ——2;:_—_

dz (II.51)
(4]
By setting ."(")NME Le 2% = g7
20, ?
expression (IT.51) can be written
(2
. qo(") —x2
Q) = tTho_lf e de (11.52)
o
1.95 X 10-18 x 1.23 X 101
Iy PO R . .. . ——— ==
where S l// 2 X 078 X 10— 1056 (11.53)
Since
108.6 e .
J e ** da;:j‘ e du = \/2—; (IT.54)
(4] (]
-(II.52) can be written, on the basis of (IT.Lk4),
N = a (v L® A 1I.
) = @) l/QOINo(H)V.(\') Q(v2) 1/2N0(]I)*/.(v2) (11.55)

(1]
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Replacing the symbols by their values, we finally obtain

-1 -2
quanta sec cm

6 1k

Q,(v,) = £.8-10°°-8.08-1072 = 2.26°10

If the reabsorption at the very center of the line were negligible,

the number of quanta (A 537 X), which should reach the top of the atmos-
phere, would be given by

-1 -2
quanta sec cm

6 9

BsQp (v) = 5.4°107 -2.26'1014 = 1.22-10

(I1.56)

Actually, we should be able to take into account the reabsorption
by helium. Since it i1s not possible to determine this reabsorption
theoretically, the exact value of the effective number of quanta emerging
from the chromosphere in the lines of the fundamental series of neutral
helium cannot be calculated exactly. If we use the radical hypothesis

0 0 )
that the quanta reabsorbed in the lines (A 537 &, A 522 A, etc.) are
finally degraded, the emission will be partly concentrated in the first

o)
line of the series A 584 A. By virtue of (II.56) and taking into account
the reabsorption itself, we shall assume that the number of quanta

o
(A 584 A) reaching the top of the atmosphere is less than 109 quanta per

second per cm2.

D. Chromospheric Eruptions

Among the solar eruptions revealed by any method of observation,
only the chromospheric eruptions are characterized by noticeable radia-
tive properties. Thus, the eruptive emission proper, which is always
monochromatic, may, in Ha light, equal or even exceed the intensity of

the neighboring continucus spectrum. In Table 2, we have collected the
principal characteristics of the eruption (Ref. 50) which are necessary
for a determination of the energy usable for the lonization of the
atmosphere. The surface area is represented as a function of the sur-
face of the solar disk, whereas the brightness corresponds to an arbi-
trary scale of 1 to 5. The intensity of an eruption is expressed as a

function of the intensity of Ez = 1.35-107 erg per second per cm2.



Table 2. Solar Eruptions
Surface area 1-10'5 1.5-10”5 7.5-10'5 ‘ 1-10'h 1.25 to 5-10'1L 7.5°10° 2.5-10"3
lrlo')‘L
Observed 1.3 1.7 2.3 to 3.9
brightness 2.6
Mean 1 2 3 b 5
brightness
Intensity as 1.8 2.8 3.8 7.9 (10)
a function
of H
a

6%
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From this value of the intensity of Ea and from the data given by
o)
Table 2, it is easy to determine the number of L  quanta (3=1,215.7 A)

emitted by an eruption, where the reabsorption and reemission are not
considered, and whose brightness and surface are fixed. Keeping in
mind the distance from the earth to the sun, we finally deduce the num-
ber of quanta usable at the top of the atmosphere.

Since an Hd guantum is equal to 3-10-12 erg, the number of Hd

18
quanta emitted by a surface of 1 cm2 is equal to 4.5-107 . The ratio
of the quanta emitted by La and Hd is of the order of k4, if we consider

the capture of hydrogen at the different levels and the resulting
spontaneous emission. Thus, the number of La quanta emitted per second

18 19

per em® of solar surface is equal to 4.5:10" +4 = 1.8:1077 quanta.

For an eruption, the eruptive number of quanta QL reaching the top
o)

of the atmosphere will be given by the formula

2
- 3.6-10%7.7.52C
QLa eruptive = 3-6°107°T 2 (I1.57)

where I is the intensity of the eruption as a function of the intensity
of Hd, S 1s the fraction of the surface of the solar disk occupied by

2,.2 -
the eruptions, and r /R = 2,16°10 2 is the reduction factor which takes
into account the distance from the earth to the sun.

By introducing the numerical values of Table 2 into the formulsa
(IT.57), we obtain the following results:

L. quanta per second per cm2
Mean brightness of eruption at the top of the
atmosphere

7.109
1-10%1
7.%-10Mt
2.3.101°
9.7-1012

W=
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A comparison of these values, which gives the number of La quanta

reaching the top of the atmosphere during eruptions, with the number of
guanta emitted by a black body at various temperatures, reveals the im-
portance of the radiation of eruptions. Thus an eruption with a mean
brightness equal to 3 emits a number ofin guanta exceeding the number of

quanta (A < 1,350 R) produced by a black body at 5,740°K. Similarly, an
eruption with a mean brightness equal to 4 emits a number of La quanta

which is greater than the number of quanta (A < 1,350 X) produced by a
black body at 6,000°K. As far as the comparison between the number of
quanta emitted by chromospheric La and eruptive La is concerned, no con-

clusion is possible because the effect of the reabsorption of chromo-
spheric La is not known. Finally, let us note that the position of the

eruption within the chromosphere could affect the number of usable quanta,
since the effect of reabsorption and of electron recombination is dif-
ferent depending upon the optical thickness.

Section 4. Variations of the Ultraviolet Solar Emission

That the values which we have deduced for the ultraviolet emission
of the sun are average values is amply indicated by the data used in the
calculations. However, although the observations do not reveal any vari-
ation in the emission of visible radiation, they do show that the photo-
sphere is not uniform. Indeed, certain regions appear as zones of par-
ticular excitation where the emission lines increase in intensity during
observations in total light or during spectroheliographic observations
of the facular plages. The fact that the faculae are quite visible near
the edge of the disk where the observer is located, opposite the atmos-
pheric layer with its largest thickness, indicates that these faculae are
more elevated than the general level of the photosphere. They correspond
to facular plages, which manifest the variations of the chromospheric
emission in spectroheliographic pictures. Besides, one can readily see

that the radiation A < 910 R originates from the upper levels of the
chromosphere. Let us refer to formulas (II.22 and 38), which give re-
spectively the number of quanta emitted within the chromosphere and the
number of quanta emerging from the chromosphere. By writing

f Qi (vydv = c*"‘”’f Qv (11.58)

v v
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Where 6 = l.5h'10—8 cm—l and where z denotes the effective height of the
chromospheric emission, we deduce the following value of z (II.l41 and

42):

o
J Q] ('\’)d\'
1 Vo

]
v =g log, S e s log

0 Oe &
f Q(v)dv
Yo

59 % 19
15 0™ _ T X 10%cm =~ 7000 km (II-59)

€353 X 101

Hence, the effective height of the chromospheric emission corre-
sponds to chromospheric levels characterized by the greatest abundance
of facular plages; hence, the general chromospheric emission will be
subJject to variations of the number of facular plages. Observation has
shown that the latter do represent the ll-year solar activity. Conse-
guently, the 1l-year solar activity must of necessity be expressed in
the possible ionization of the atmosphere by a variation related to the
abundance and intensity of the facular plages.

In order to determine quantitatively the difference in the energy
supplied for the terrestrial ionization between the minimum and the
maximum of solar activity, one would have to have the absoclute values of
the total chromospheric emission in the course of an ll-year period.
However, no determination of this type has as yet been performed, and
we must, therefore, content ourselves with correlations between the
values of the brightness of facular plages based on an arbitrary scale
and the values of the electron concentration in various regions of the

ionosphere.

In the present state of solar observations, a determination of the
effect of the ll-year activity can be attempted only by investigating
the ultraviolet emission of the faculae. To this end, we shall take the
generally adopted temperature of 7,500°K as the temperature of the facu-
lar area._ In addition, let us consider the data obtained from the ob-
servationt of the variation of the surface area of the faculae in the
course of a solar activity cycle. From the general expression (II.3)
we can calculate the number of quanta emitted under the conditions which
we have just indicated. The results are presented in graphical form in
Figure 1l4. We see readily that the total surface of the faculae is of

the order of 1073 times the surface of the solar surface; the flux of

lDuring the solar activity maxima of 1889, 1894 and 1907, the surface

occupied by the faculae was of the order of 2.5'10_3, 3.5‘10_3 and 3-10'3
times the solar surface. For these results, due to Maunder, see Nicolet,

Ref. 47, Figure 2.
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Figure 14
I, Black body, Ty = 5, THOCK;

II, chromospheric radiation, Ten = 12,000°K.

SE

Radiation of the faculae, T_ = 7,500°K;

F

1, surface, S, = 1+1075 8 = 2:1073 8;
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103 ] _ -3
3, 8p = 2.5°1077 85 L, Sy = 3.5:107 8,
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facular radiation is always less than that of the normal solar radiation

(A < 1,000 2). The increase in the total surface area of the faculae
corresponding to the increase in solar activity produces a radiation
flux greater than that of normal radiation in certain specific spectral
regions. In order to appraise its effective role in the ionization of
the earth's atmosphere, we nmust know the atoms and molecules susceptible
of being ionized. This will be the subject of the following chapters.

Section 5. Conclusions

Important conclusions result from the study which we have just made
on the special features of the radiation emitted by the sun in the unob-
servable ultraviolet region. ZFirst, two spectral regions should be
distinguished for which the radiative properties are totally different,

mainly the regions with wavelengths above or below 910 X. In the
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gspectral region of A > 910 R, the spectral distribution corresponds to
that of a black body at the temperature of 5,7MOOK. However, because of
the behavior of solar hydrogen, photospheric radiation with wavelengths

of less than 910 X is negligible in the presence of chromospheric
radiation.

Chromospheric radiation (A < 910 3, capable of ionizing atomic oxy-
gen, molecular and atomic nitrogen, and helium) corresponds to the known
reabsorbed radiation of the continuum of the Lyman series for hydrogen.
The spectral distribution may be likened to the spectral distribution of
a gray body. Actually, the minimum flux of chromcspheric radiation

(,<910R) is equal to the radiation flux of a black body at 12,000°K
(average value of the electronic temperature subjected to variations)

multiplied by a constant factor, ¢ = 1.96'10_6. A numerical application

(see Figure 11) indicates the peculiar behavior of this chromospheric
radiation with respect to black bodies whose temperatures lie between
5,T40%K and 7,500%K.

The emission of monochromatic radiations may be superimposed a
priori onto the continuous photospheric emission (A > 910 %) and chromo-
spheric emission (A < 910 zci). From our study it follows that the radia-
tion (a 584 K) of helium may have an appreciable intensity. However,
among the monochroﬁatic chromospheric radiations, the La line (A =

1,215.7 X) is distinguished by an intensity which is higher than that of
the neighboring continuous spectrum.

In addition, the effective source of the 1ll-year variation of solar
activity has been found in the variation of the faculae and facular
plages, which participate in the chromospheric emission.

Finally, the monochromatic radiation La (n = 1,215.7 R) emitted by

chromospheric eruptions and calculated as a function of the brightness
and surface area of the eruptions may be greater than the radiation

(A< 1,350 &) of a black body at 5,7h40%K.
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CHAPTER IIT. CONSTITUTION AND COMPOSITION OF THE ATMOSPHERE

Section 1. Introduction

A study of the constitution of the atmosphere requires the knowledge
of physical and chemical data. Soundings by means of standard meteoro-
logical techniques make it possible to determine the properties of the
atmosphere up to an altitude of 30-35 km. As far as higher regions are
concerned, one must have recourse to the observation of phenomena such
as the absorption of atmospheric ozone, the propagation of sound waves,
luminous nocturnal clouds, twilight phenomena, the light of auroras and
of the night sky, and the propagation of radio waves. These various
phenomena are the only means of investigation which enable us to deter-
mine the pressure, temperature, and chemical constituents as a function
of altitude.

By definition, the atmospheric pressure at any point is the weight
of a vertical column of air of unit cross section whose base has its
center at a given point and which extends up to the top of the atmos-
phere. Let P, ¢, and T be, respectively, the pressure, density and
absolute temperature at altitude z, and let P + dP be the pressure at
altitude z + dz. By definition, dP is the weight of a slice of air of
unit cross section and thickness dz. Hence, g being the acceleration
due to gravity which will be considered constant, the equation of atmos-
pheric statics will be

dP = -gedz (IT1.1)

If the different atmospheric constituents at altitude z have molecu-
lar masses my (mass of a molecule) and if the number of molecules per

3

cm® is Nj (j indicates this species), we have

i
g

e=Nomy + Nymy + ..enn (ITI.2)

with N =N +Ny+ .... (ITII.3)
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Relations (IIT.2 and 3) make it possible to write equation (III.1)
in the form

dP - _gnm (TTT.k)
If is assumea that the law of ideal gases

YO = RV (111.5)

may be applied to each of the atmospheric gases, where T is the absolute
temperature, R is the gas constant per mole or universal molar constant
of ideal gases, V. is the molar volume, i.e., the volume occupied by one
mole or ¥ molecules.

Since N is the total number of molecules per cms, we have the ratio
T
U = % (I1I.6)

and hence, taking (III.6) into account, the gas law (III.5) may be
written as

xR
P = NgT = NIT (IIT.7)
PR,
where k = > is Boltzmann's constant, the gas constant relative to one
molecule.

Section 2. Vertical Distribution of the Constituents of the Atmosphere

By taking into account the ideal gas equation (III.7) in equation
(IIT.4), i.e., by replacing AP in (III.L4) by its value obtained from
(III.7), we get the general equation

.(_[‘_5 .{_ {].']‘ P g’l\I ZI\'
i T g (111.8)
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By setting
kKT = g (IIT.9)
Mg

which defines the height of the homogeneous atmosphere, we can write

(I11.8)

S = -2 (IIT.10)

Since the atmosphere is essentially made up of gases of different
species, the latter may be mixed or be in a diffusion equilibrium. In
the former case, equation (ITII.10) applies directly. TIn the second
case, a concentration of each constituent of the gas is subject to the
law of statics (IIT.4) and to the law of ideal gases (III.7). We then
write equation (IIT.10) in the form

dN.
d a
g 4r_ _dz (TTT.11)
N T Hj
_ kT .
where Hj = éﬁg (3 =1, 2, 3, ..... )

Equations (IIT.11) implicitly express Dalton's law, according to which
the total pressure is equal to the sum of the partial pressures exerted
separately by the various constituents.

Equations (III.10 or 11) are fundamental equations which make it
possible to determine the vertical distribution of the particle concen-
tration, if the laws of variation of M and T with altitude are known.
Conversely, if the molecular concentration is known at a given altitude,
the ratio of the other two parameters, temperature and molecular mass,
can be determined. We shall consider some simple cases which may rep-
resent cases of practical importance in certain regions of the atmos-
phere. We shall make use of equation (III.10), since the conclusions
pertaining to an average constituent may apply to a constituent of
Species J.

Case 1. Let us consider the simple case,
T = constant, M = constant, and hence H = constant. Equation

(ITI.10) is then written

av _ _dz (ITI.12)
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and by integration,

N = N, e-7/H (ITT.13)

where N is the molecular concentration at altitude z and NO is the mole-
cular concentration at altitude z = 0, considered as the starting level.
If we wish to know the total number YT of particles in a vertical

column of unit cross section of fixed thickness Zq it will suffice to
integrate relation (III.13)

oL - N, (AZF_z/H(u-ﬁ N, 11 (! e A (III.14)
0
where Ny, which 1s a concentration at level z = 0, is therefore the num-
ber of atoms per cm3 at the base of the column.
In the practical case where e'Zl/H = 0.01 may be neglected as com-
pared to 1, i.e., when z,/H 2 4.5, we can write to the indicated approxi-

mation that the total number of atoms in a column of thickness zq 2 4,5 H
is given by

O - Nl (11T.15)

Case 2. ILet M = constant and let us consider a linear increase of
the temperature with altitude

P o= Mol + E2), E> 0 (I11.16)

Hence, taking (ITI.9) into consideration, we have

I = 1,1 4E=2). (II1.17)

When (III.16 and 17) are taken into account, equation (III.10)
becomes
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R 3 P B (IT1I.18)
N Wo(1 + Ez)
Hence, by integrating,
LI .
N = N(1 +8) 'l (rrr.19)

The total number "7 of particles in acolumn of fixed thickness z;
is obtained by integrating (III.19)

2, 1 1
——— 1 -
O == No.g‘ (1 + &) EDI° dz = NI, [1___(1 + E) E]h] (1I11.20)
o

By neglecting in comparison with unity

1

(1 4+ &) Elle < 0.0 (1rr.21)

i.e., keeping only the first term of the expansion in series, since

(E2)2 < 1, we have

O == N1, J (ITI.22)

when

> Lh.5

mlﬁa

0

Case 3. For M = constant, let us consider a linear decrease of
the temperature

T =Tl —E) , E>0 (IIT.23)

and, by virtue of (III.9),

I = IT,(1 — E2) (IIT.24)
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On the basis of (III.23 and 24), equation (III.10) becomes

dN 17,8 —1 dz
S TR iy > (I11.25)

By integration, we obtain the vertical distribution of the particle
concentration
1

N = Ngu___gz)gTE;_ﬁ (I11.26)

The total number of particlés in a column of thickness z_ is given
by the integral of (III.26) 1

‘) i
OC = N¢ f (1 — Ez) Ello az

[4

and, the exponent being positive,

1 -
9(=:INJTO[]—n (1 — Ezy) §]’°J ' (T1I.27)

Since the concentration N must be positive and not zero, we always

have £z <1 . Hence, in the practical case where

I
(1 — ko) e < 001 (ITI.28)

i.e., by keeping only the first term of the expansion in series, we
have, with the indicated approximation, (III.Z27)

when 1 > 4.5

Vg
=
°

Ot = NI, (ITT.29)
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Case 4. Let T = constant and

Mo M (1 -— E2) (r11.30)

and consequently,

e (IT1.31)
Teking into account (III.31), we can write equation (ITI.10) as

dN (1 En)dz
= =~ (ITI.32)

Hence, by integration, we get the vertical distribution of the par-
ticle concentration

N - X, o— 2/1( — 5 (1I1.33)

Ir %?«< 1, i.e., the concentration N at altitude z is always less

than NO at the level z = 0, we write relation (III.33) in the approxi-

mate form

NN, ¢ #/1 (ITI.34)

This approximate representation of the variation of the concentra-
tion N with the altitude is of the same type as that corresponding to
an isothermal atmosphere.

Relations (III.13, 19, 26 and 33) may be considered fundamental
relations which make it possible to determine the constitution of the
atmosphere when sufficilent data are avallable on the temperature and com-
position. In the lower atmosphere (z < 35 km), aerological soundings
provide both the vertical distribution of the pressure and of the tem-
perature, and thus, the uniformity of the composition being considered,
the vertical distribution of the constituents. The upper layers (z >
35 km) cannot be studied without the use of hypotheses concerning the
behavior of one or the other physical element. Many authors base their
determination of the structure of the upper atmosphere on data obtained
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from tropospheric observations. However, the results obtained cannot be
wholly accepted in any of these cases.

Below 90 km, desplte certain discrepancies, recent determinations
(Ref. 51) of the structure of the middle atmosphere (35-90 km) are in
essential agreement. This means that the use of relations (III.13, 19,
26) is justified in the middle atmosphere where, if the average molecu-
lar mass remains constant, we consider a probable distribution of the
temperature, deduced from indirect observational data such as those on
the absorption of ozne, the propagation of sound waves, the luminescence
of meteors and luminous night clouds. Thus, we can admit the atmos-
pheric distribution determined by Penndorf (Ref. 52) as a result of a
critical study of the various phenomena observable in the middle
atmosphere.

As far as the upper atmosphere (z > 90 km) is concerned, we shall
show, in this chapter, by a discussion of the molecular mechanisms that
the constitution is completely different from that of lower layers.
Hence, it is necessary to consider a priori, for the vertical distribu-
tion of the constituents, the laws which will be applicable to the upper
atmosphere.

To this end, let us again consider the laws (ITII.13, 19, 26) which
yield, to the indicated approximation, the relations (I1I1.15, 22, 23),
the latter being identical. In other words, if the variations of the

parameters of equation (III.10) are fairly simple, the total number .7
of particles in a column of thickness zl is always given by

0 = N,II, (II1.35)

when the following condition is applicable:
“L> 45 (III.36)

For the upper atmosphere, we assume to a first approximation that
the vertical distribution follows a simple law in a layer of fixed
thickness. For such a layer, we assume that the total number ( of
molecules is given by the expression

O = N, (ITT.37)

which may result from an exponential distribution.
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N = N, ¢ #/h (rII.38)

in an atmosphere which is not necessarily isothermal. In (III.38), the
parameter h is the rate of logarithmic decrease of the molecular concen-
tration with the altitude.

By considering this equation (III.38), we assume implicitly that
the general equilibrium equation along the vertical is not necessarily
an equation of statics, but an equation which can take intoc account the
most diverse effects. In certain special cases, it will be possible to
assume that the general equilibrium equation corresponds to the equation
of statics; we shall then have, for the isothermal case,

h =H (IIT.39)

this means that the rate of logarithmic decrease of the molecular con-
centration h is identical to the height H of the homogeneous atmosphere.

Section 3. The Upper Atmosphere

The problem of the structure of the upper atmosphere (z > 90 km)
differs completely from that of the middle atmosphere, since all the
constituents are no longer in the molecular form. In particular, it is
well known (Ref. 53) that the oxygen molecule undergoes a photodissocia-
tion in the atmospheric region above 80 km. However, the position and
dissociation maximum of molecular oxygen and a fortiori the vertical
distribution of atomic and molecular oxygen cannot be fixed, except on
the basis of uncertain hypotheses. Depending on the hypothesis, the
dissociation maximum is located at very different altitudes. Since the
E region is located in the atmospheric range of 100 to 130 km, the
structure of the atmosphere should be precisely determined. Further-
more, the physical state resulting from the dissociation should give
rise to a series of questions concerning the behavior of the other con-
stituents. We are going to show, successively, that oxygen is dissoci-
ated into atoms, that nitrogen is partly dissociated, that the NO mole-
cule exists in a fixed region, that helium is present in appreciable
amounts, and we shall finally arrive at a structure of the upper atmos-
phere that is radically different from the structure assumed up to the
present time. '
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A. Dissociation of the Oxygen Molecule
In order to determine the properties of the zone of decomposition
of molecular oxygen into atoms, we must know the mechanisms of dissocia-
tion and recombination. To this end, we assume the medium to be made up
of oxygen molecules (02), oxygen atoms (0), and other particles or third
bodies (M), whose respective quantities per cm3 are N(0),, N(0) and N(M).
If D is the photodissociation coefficient, we shall denote by
N(05) "D
the number of photodissociations of Op molecules per cm3 per second; if
R represents the recombination coefficient,
N°(0) 'R

denotes the number of molecular recombinations per em3 per second.,
Hence, if t is the time, the state of dissociation will be defined at
any instant by

3N (0,)

it

= N(Og)-D - R-Ng(o) (IIT.L40)

In the case of a stationary state during the day, we shall have the
statistical equilibrium equation

2

=
L~

0)

(III.L1)

sllw)

:Zj
O
s}

In order to explain this relation it is necessary to find the
respective values of the coefficients D and R which depend on the most
important elementary mechanisms occurring in the upper atmosphere.

1. Case of dissociation

Oxygen is located in the radiation field of the sun, whose diluted
radiation is given by relation (II.1). The O, molecules may be dissoci-

ated; the part hv0 of the absorbed energy hv corresponding to the photo-

dissociation potential is used to decompose the molecule, and the excess
energy h(v-vo) will be transformed into the translational energy of the
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atoms. In order to calculate the number of absorption processes pro-
ducing the dissociation, we must know the absorption coefficient rela-
tive to the transition to the dissociated state. The absorption coeffi-
cient being known (Ref. 54),1 the number of photodissociations per cm3
per second is expressed by

N(0,)'D = N(0,) xQ(z) (IIT.42)

where x is an average value of the absorption coefficient (Ref. 54) and
Q(z) is the number of solar quanta reaching the atmospheric region of
altitude z where the photodissociation is being studied.

In order to take into account the fact that prior to reaching a
certain altitude z, the dissociated radiation may undergo absorption in

the course of its passage through the upper layers, we shall assume that
the number of quanta reaching the altitude z is given by the relation

Qz) = Q. 7"
where Q.. 1s the number of quanta reaching the top of the atmosphere and

where T 1s the optical thickness defined by (h® = angle of altitude of
the sun)

xN(0p) dz
sinh@

dt =

lLadenburg and Voorhis (Ref. 54) have determined experimentally the value
of the oscillation force (f = 0.193) of the continuum of photodissocia-

tion of oxygen at A 1,750 2. With relation thddvz= %il, a mean value,
nce

x, of the absorption coefficient is given by

Ve () dy -18
% =.f dy g 5 cm®,
Vi

Vo —— ¥y

with v, =77,000 cn™" and v = 57,100 cn™l. For a variation of x as a

function of v, see Figure 15.
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Taking the latter two relations into account, we can immediately
write (ITI.42) as

0
B ( N(0s)dz

N(Os) X D = N(0:) Q. ¢ Snhalt, = N(O)D,e—F  (TII.h3)

By introducing into (III.43) the value of Q. given by (II.3), we
have

Vv %

X
Sk [ pal ) — hy/kmy | [ ? . T sinkg L. N(02)daz
— I3z (e T + 1§ 4+ 1 e % (TTT.4k)

D == 0211'3

o

£

i.e., the final expression of the coefficient D.

Replacing the symbols by their numerical values (TS = 5,740°K), we
have

82 X 10 ™ [
. Sy N(O2)d: (ITI.45)

D= e e 303X 10 ¢ sinho

2. Case of recombination

A priori, three recombination processes may be involved in the case
of oxygen. They are as follows:

(1) Recombination via triple collisions according to the equation
o(3p) + o(3p) + M—=0p + M (TTT.L46)

where the third particle captures the recowbination energy in the form
of excitation or kinetic energy.

(2) Radiative recombination of two normal atoms

0(3p) + o(3p)—0, + hv; (IIT.47)
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this process is the reverse of the absorption of the telluric bands of
oxygen or Herzberg bands leading to dissociation into two normal atoms.

(3) Radiative recombination of a normal atom and an excited atom

0(3p) + o(*p)=o0, + hv; (ITT.L8)

2

this process 1s the reverse of the absorption of Schumann-Runge bands.
The relative values of the three procegses (III.46, 47 and 48) depend on
the recombination probabilities in double or triple collisions. From
the results of the kinetic theory and spectral properties, it is pos-
sible to determine which of the various processes are the most important.

Let us assume first that the number of double collisions (A1)

per second per cm3 between particles A and B whose concentrations are
N(A) and N(B) is given by the Jeans formula (Ref. 55)

s my -lom\ 12 ]
DT(A,B) = N(AIN(B) Vo), < - (p) 172 (III.49)

IIIAIIIB

where mA and mB are the masses of the particles A and B, Ohn is the

distance between the centers of the two particles at the instant of col-
lision, k is Boltzmann's constant, and T is the temperature.

For the determination of triple collisions, let us consider three
species of particles N(A), N(B), and N(M), characterized by their masses
My, Mg, and mM and their distances from the centers during collisions,
QAB and GAM. We definel the number of triple collisions ©U(A,B,M) per

cm3 per second by the relation

O(AB,0) = O(ADBY X 0,y (I11.50)
where @n is the probability of a triple collision of the third particle

with one of the other two particles undergoing a double collision. In

lsee E. Rabinowitch, Trans. Faraday Soc., 33, 283, 1937, and references
therein.
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other words, we assume that during the collision of the first two par-
ticles A and B, there is a probability, o that a third particle, M,

<

will collide with one or the other of the two particles considered.
If we introduce the duration of the double collision, Tap? the

probability, w,_, is expressed by the relation

AB

(4, M) T3,
Opp =~ NG TABC‘—}""l’\-(]}")") Tan (II1.51)

By virtue of (III.49 and 51), relation (ITI.50) applied to oxygen
0 = A =3B may be written as

- J2 3 Gy 2 "10 + ”IA\I 1/2 "
9L(0, 0, M) = N2(0) N(M)&n\/&iazﬁan To \ =y ) (TIT.52)

Assuming that the kinetic collision cross section corresponds to
the effective recombination cross section, the preceding relation
(ITI.52) provides the recombination number of the oxygen molecule per
triple collision.

The determination of the frequencies of radiative recombination
processes requires the knowledge of the recombination probability in the
course of a double collision, determined by formula (IIT.49) of the
kinetic theory. This probability may be calculated by assuming that in
the course of the collision of the two atoms, the pseudo-molecular as-
socliation may lose the excess energy resulting from the possible recom-
bination in the form of radiation. If 7 is the duration of the colli-
sion and W, is the probability of radiative recombination, we can write

=TA

wr ji

1
where Aji is the probability of emission. Consequently, we obtain the

number of radiated recombinations of O, by means of relation (IT1.49)

1The values of Aji are calculated in the following manner: (1) for the

Schumann-Runge system by the relation Aji = gfféffq = 6.2'108;

me3
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w2
lllo)

N2(Q) X 1 == NQ(O)-\ﬁRﬁnzzw,( (I1I.53)

By replacing the symbols in relations (III.52 and 53) by their
numerical values, we successively obtain the following results for the
recombination coefficients:

(1) Recombination via triple collision of normal atoms (III.52)
-32
R(OE, M) = 4.4k4°10 N(M) (ITI.54)

(2) Radiative recombination via collision of normal atom O(3P) and

excited atom O(lD) in the Schumann-Runge system

1k

R(OE, lD)S = 2:10° (IIT.55)

1
If the ratio of excited atoms O("D) to normal atoms o(3P) is denoted
3

by ¥, we write that the number of recombinations per second per cm” is

equal to

3 1L

Ng(o) R(Og, P), = NQ(O) ge 2:10° (ITI.55')

S

(3) Radiative recombination via the collisions of two normal atoms
in the system of telluric bands

(Footnote continued from preceding page)
(2) for the atmospheric bands by the experimental result of Mecke (Trans
Faraday Soc., 27, 359, 1931), who determined the lifetime of the higher

-1
state to be 7 sec, whence Aji = 1/7 = 0.143 sec 7; (3) for Herzberg

bands, by assuming on the basis of experimental results that the absorp-

tion coefficient of this system is lO7 times smaller than that of the
Schumann~Runge system; Aji = 2,k-10°, If the temperature is of the order

of 3OOOK, T = 8'10“13 sec. For molecular spectra, see for example the
reference in V. Henri, "Tables annuelles des constantes et données numé-
rigques (Annual Tables of Numerical Constants and Data), fasc. 11, March
1937.
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R(0,, 3P)T - 46107 (IIT.56)

(4) Radiative recombination via collisions of two normal atoms in
the system of Herzberg bands

-20

R(0,, P)y = 7.6°10 (111.57)

3. Equilibrium equation

Given that the coefficients of dissociation and recombination are

known (ITI.44 and 45) and (IIT.52 and 53; 54, 55', 56 and 57), respec-
tively, we write the equation of statistical equilibrium (III.41) in

the final form

N2(0) D e o smho‘ N(Q) ¢z

N0 (0, W) 4 RO, )y T R0, 0)y A R (08, ), (I11.58)
2 X 1018
— 2 (‘ N(O.) d=z
3.03 X 101 X ¢ Sm/1
-~J233<40'”&Kﬁyﬁfc>~2>«10414»¢o}\1634T[%E"%762@
By setting

RlN(M) = R(Og, M)
to represent the action of triple collisions on the recombination and

R E c .2.10-1)4' 2)4' _20

o + 7.6°10

+ 4,610

to represent the action of double collisions on the recombination, we
finally write (III.58) in the form

-0

b
— T N W) dz
N2O) D, e Sinhe), (02) ¢ (IIT.59)

N(O:)  RWNQ@I) + R
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4, Spectral properties

In order to avoid introducing any arbitrary hypothesis on the ver-
tical distribution of the constituents in the region of dissociation of.
02, it is necessary to refer to the conclusions which can be drawn from

spectral observations.

Forbidden transitions of atomic oxygen are observed in the spectrum
of the night sky and of the aurora. We have discussed (Ref. 56) the

o
conditions of emission at the green line (A 5,577 A) and red lines
(M 6,300-6,363 &) of the neutral atom OI.

Since the triple collision process can apply only to the lowest re-
gion of the upper atmosphere, we have introduced (Ref. 57) the possible
effect of the absence of the dipole of the N2 and 05 molecules, This

effect (Ref. 58) would make it easier to interpret the increase observed
in the ratio of the intensities of the red lines to the intensity of the
green line in the auroral spectrum. In fact, a complete theory of the
night sky emission should take into account the ionospheric results
which we obtain in Chapter V.

In addition to this nocturnal or auroral emission, attention should
be focused primarily on the twilight reinforcement of the intensity of
the red transition, in which the green line does not undergo any varia-
tions. We can adopt the simple hypothesis of a resonance effect and an
emission which is unperturbed by deactivating collisions. In this case,
the emission should be proportional to the number of atoms. Or it may
be suggested (Ref. 56) that the photochemical decomposition is not
negligible in the twilight formation of the O(lD) atoms, the higher state
of the red radiations transition. In this case, this phenomenon could
be involved in the twilight reinforcement in accordance with the process

Os -+ Iy (L < 1750 &) —> QCL) -1 C(D)
O('1) -+ O(r) -+ 2. 63006363 A. (TI1.62)

However, the intensity variation of these radiations was success-
fully observed as a function of the altitude, and from these observations
it follows (Ref. 59) that the intensity maximum (at middle latitudes)
appears at an altitude of 105-110 km. Starting from these quantitative
data, and knowing both the mechanisms of dissociation and recombination
of oxygen and the mechanisms of excitation of the radiations of oxygen,
we are going to determine the altitude of the phenomena which affect the
decomposition of 02, and hence, deduce the structure of the upper
atmosphere.
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5. Determination of the altitudes

Let us consider a simple distribution given by equation (TI1.38) in
the region of dissociation of 02. For the different constituents of

oxygen, which we shall treat as a third body (M), we write
N(M) = N, (M) o72/h (ITT.63)
where h is the rate of logarithmic decrease of the molecular concentra-
tion N(M) at altitude z. NO(M) is the molecular concentration at alti-
tude z = 0, considered as the starting level.
For 02, the vertical distribution will be necessarily different;

we write, by virtue of (ITI.38),
-z/h
N(0,) = Ny(0,) e 1 (IIT.6k4)

where hl<: h, since, because of the dissociation, molecular oxygen de-
creases more rapidly with altitude than do the other constituents.

By virtue of equations (III.63 and 64), the general relation (III.
59) may be written in the form

7N, (0:) wd-:ﬂnh
——2/hy T T ginhies €=
D Ne(02) ¢ It sinhg Ve

e m e

N2(0) == - D
RN, (M) ¢ </ 4 10,

which, after integration, becomes

i /][ | 7.’(1.\‘0(()-_') o :/71’1
Dy No(On) ¢ sihe o (171.65)

ILNG(M) e T g

This expression (III.65) gives the value of the concentration of
atomic oxygen.
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The dissociation number per cm3 per second is given by relation
(III.L43) which, on the basis of (III.64) and after integration, is
written as

] 2y No(0:) ¢~/
— | & A e (II1.66)
N(O)D == D No(02) ¢ : SO -

In order to determine the vertical distribution of the emission of
the forbidden red doublet of oxygen at twilight, we must first consider

the various processes of deexcitation of the lD atom produced by the
photodissociation of O, (ITI.62). The radiative emission, lD-SP, whose
vertical intensity distribution we are seeking, is offset by the deex-

citation by collisions, whose probability is a function of the number
of collisions. Let A be the probability of spontaneous emission, b

21 21
the probability of molecular formation in the Schumann-Runge system, and
821 = Q@ N(M) the probability of deactivating collisions where @ is pro -

portional to the effective collision cross section. The intensity of
the emission will therefore be expressed as a function of the dissocia-
tion number and of the ratio of the probability of spontaneous emission
to the total probability of the various initial processes of the state

o)
ID. We thus obtain, for the number of emissions T of A\ 6,300-6,364 A,
the expression

N(0?) D Ay
T (6300 -~ 6363) - - TA0 )P Aa

.021 4+ Doy + A (III.67)

A21<: a21 + b21 may be neglected in the denominator (Ref. 60); in addi-

tion, b21 and a21 correspond to double and triple collisions, i.e., to
R, and R, N(M), respectively, in equation (III.65). Hence, after inte-

grating, we write (III.67), on the basis of (ITI.64)

[/h 4 23N (02) 77 5'/71'1—
LT e ho o
oo o (ITI.68)

bay b Q N, (M) e

1(6300 - - 6363) ==
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By differentiating relations (III.65, 66 and 68) with respect to z,
we can obtain the expressions of the conditions for the maxima of the
concentration of atomic oxygen, of the dissociation of 02, and of the

intensity of the red lines of oxygen. Since the altitude of the maximum
intensity of these radiations is known at middle latitudes from observa-
tions, one should be able to determine the altitudes of the other
phenomena.

A priori, two cases may arise depending upon the relative impor-
tance of the two terms in the denominator in formulas (III.65 and 68).
Suppose first that the effect of double collisions is negligible com-
pared to that of triple collisions. By setting h = w hl’ where w > 1,

expressions (III.65 and 68) can be written, to the accepted approximation,

[Pl N0
anT (O )] . 2 Tw h, \m/l\) ’

. . III1.6
R(0) == [L No(M) ( 9)

and

No(O0:)Deg Az w sinhi )

QN, (M)

~[10 e I (III.70)
1(6300 --- 6363) ==

Cancellation of the derivative with respect to z in the expressions
(ITII.69 and 70) gives

AL
7.71,;\ (() ¢ / 1 o - _]
bl])/lo o w (III'Yl)

If the effect of triple collisions is negligible compared to that
of double collisions, (III.65 and 68) are written to the accepted
approximation,

Tx N0 e 2/l
R - Ty -l \Ill/ i
._(O;)] * ¢ b d o (11I.72)

and
/7«,)\ (v e ’/]’:‘l

o Ne(OID g Any T [_i; + sinlty
) by

1(6300 — 6365 (T11.73)
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Cancellation of the derivative of (ITII.72 and T73) with respect to z
yields the expression

\ == 8 h
AR (02) ¢ M ] (III.7h4)

sinfig

Finally, expression (III.66), differentiated in the same manner,
yields, by cancellation

-y
qH \ )-) H h/ 1
vl J\o((Si-])l]}; L (1III.75)

In the end, we find the following results:

(L) In the case where triple collisions play the principal part,
expressions (ITII.71l and 75) derived from (III.65, 66, and 67) make_ it
possible to write the relation between the altitudes of the maxima

2(0)max = (6300 —— 6363)wax = 2(0s —> O + O)max + Iy Joge =1 | (TTT.76)
0

(2) 1In the case where double collisions play the principal part,

expressions (III.74 and 75), also derived from (III.65, 66, and 67),
yield the relation

2(O)max == 2(6300 -~ 6363) iy == 2(0z —> O 40)pmax (IIT.77)

Using numerical data, we shall easily deduce that relation (III.T76)
alone applies. Indeed, observations indicate that

z(6300 - 6363)max = 105 to 110 km (ITT.78)

12
altitude at which N(M) > 107 . From the numerical values of the two

terms in the denominator of (ITI.59) we deduce that, with ;<<1o‘6,

lThe same result is obtained if a simple resonance effect is considered.

e B

'
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R, N(M) >R, (II1.79)

when N(M) > 1072,

Thus, the simple relation (III.T76) enables us to determine the pro-
perties characteristic of the upper atmosphere on the basis of the alti-
tude deduced from the observations, from the maximum emission of the red
lines at twilight, and without the use of any hypothesis on the structure
of the atmosphere. We have seen in Chapter I that the altitude of the E
region was between 100 and 130 km. This region corresponds, therefore,
to the maximum dissociation of O,, whereas the Fl and F2 regions, located

at altitudes in excess of 200 km, are beyond the atmospheric range of
this molecule. 1In the final analysis, the processes of decomposition
and recombination affecting the O2 molecule may have an effect on the be-

havior of the other constituents. This behavior will be studied in the
following section.

B. Dissociation of N2 and Formation of NO
From the presence of radiations of atomic nitrogen in the auroral
spectrum, we should conclude that the N2 molecule decomposes in the

upper atomosphere. However, observation (Ref. 61) of molecular bands
of NE in sunlit auroras up to altitudes of 1,000 km indicates that this

compound is only partly dissociated. Although it is possible to give a
rough explanation of the increase with altitude in the radiations of
atomic nitrogen (Ref. 62) and molecular nitrogen (Ref. 63) (Vegard-Kaplan
bands), it follows, nevertheless, that the problem of the simultaneous
existence of the atom and molecule in the entire region of the upper
atmosphere has not been solved. However, the knowledge of the structure
of the ionosphere requires a determination of the state of dissociation
of Ng. As is amply indicated by the spectroscopic data on N2 (shape of

the potential energy curves), we must not consider the possibility of
photodissociation, as in the case of 05 Moreover, a photochemical de-

composition effect would contradict the presence of N, molecules up to

2

1,000 km. The simultaneous presence of N and N2 should, therefore, re-

sult from the equilibrium of the elementary mechanisms within the upper
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atmosphere. To this end, let us consider, in the transition region
(oé-*-o + 0) determined by the study made in the preceding section, the

elementary mechanisms which are necessarily involved in the formation
and decomposition of 02.

When we have a recombination of oxygen via triple collisions ac-
cording to the equation

OCPr) + OGPy 4 M —-» 0, + M (111.80)
we also have

O@3Pr) -+ Ny A4 M -3 N0 - M (111.81)

oery 4+ 0. 4+ M -> Oz M (111.82)

where the recombination coefficient is of the order of 41075° N(M).

In addition, we shall see later, in a study of the ionospheric pro-
perties, that the negative ions 0  exist in the upper atmosphere. Hence
(see Chapter IV),

0" +0 —> 0. +¢ (I11.83)
0O + 0, —> 03 + ¢ (I17.8%)
O + N:—> N.0 + & (111.85)

where ¢ represents the detached electron and where the recombination co-
efficient is of the order of 2:10 °.

The three molecules 02, O3 and NEO which result from (III.80
through 85) undergo photodissociation. O2 is decomposed, as was indi-
cated above, whereas O3 has a very short lifetime (Ref. 64) at these al-

titudes. As far as N0 is concerned, in the presence of solar radiation

o
»< 2,140 t 130 A, a photochemical decomposition will be observed (Ref.
65) according to the equation
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NO; + hv —> NO(?I1) + N(2D) (111.86)

i.e., the formation of NO and N.

The presence of N results in the processes

N+ 0, + M —> NO, + M (111.87)
N+O0O +M-—>NO + M (111.88)
N+ N +M-—> N + M (III.89)
N+O0O — NO + ¢ (IIT.90)
N(*S) + N(2D) — N + Iv (ITT.91)

Since N02 undergoes a photochemical decomposition,

NO: + hv (A < 4040 ) —> NO + O(3D) (II1.92)
NO: + hv (A < 2459 8) — NO + O('D) (TIT.93)

we have, from (III.88 through 93), the recombination of nitrogen and the
formation of NO.

From this sequence of reactions, corresponding to the most impor-
tant processes which must necessarily exist in the atmosphere starting
from the formation of atomic oxygen, we deduce that NO is formed contin-
vously in the upper atmosphere. Furthermore, no mechanism allows the
direct dissociation of NO. The photochemical decomposition, which readi-
ly dissociates O,, does not take place in the case of NO. This molecule

necessarily will be ionized by the solar radiation. Indeed, from the
experimental results now available (Ref. 66), we deduce that

NO + hv (. < 1300 = 15 1) —> NO¥ + ¢ (ITI.94)

where the energy necessary for the ilonization is equal to 9.5t 0.1 eV.
In addition, since the dissociation potential of NO* is equal to 9.37 +
0.2 eV, we write

NO* + v (A < 1312 = 25 ) —> N + oOf (III.95)
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Hence, the NO molecule formed in the upper atmosphere disappears
via the process of photoionization.

In order to precisely determine the atmospheric region where an
equilibrium between the effects of solar radiation and the molecular
formation maintains the greatest abundance of NO, it would be necessary
to know the exact values of the absorption coefficients of NO and NOT.
In the absence of any experimental determination and because of the im-
possibility of a theoretical investigation, we must assume that the
spectral region is located between the continua of photodissociation and
photoionization of O2 (see Figure 15) and includes the L, radiation of

hydrogen. Consequently, we can assert (since the absorption coefficients
can differ only within certain limits) that the distribution of NO in
the neutral and ionized state will not differ much from that of Oo. In

other words, when we assume that O, 1s practically dissociated, we are
certain that NO has been ionized to form N and O". Moreover, in the
transition zone located under 105 km, where we have found that O and 05

are simultaneously present and where O has not yet reached its maximum
abundance, there exists an equilibrium between the production of NO and
its disappearance via photoionization.

When NO disappears after its formation by either one of mechanisms
(IIT.86 or 95), a nitrogen atom is formed. It follows that the NO and
and N constituents are mutually exclusive. In the atmospheric region
where recombination via triple collisions is predominant, the abundance
of NO is greater than that of N. As soon as the photochemical action of
NO assumes an increasingly greater importance and the triple-collision
recombinations are more numerous, the number of nitrogen atoms increases.
Finally, when processes such as (IIT.90 to 91) acquire a relative impor-
tance, the abundance of NO becomes insignificant as a result of the
effect of the processes (III.92 and 93), as compared with the abundance
of N, which is limited only by the molecular recombination to Ng.

In short, NO characterizes the atmospheric region located below
the maximum of dissociation of 02, whereas N becomes important at the

altitude (105-110 km at our latitudes) of the maximum of abundance of O.
The results acquired thus far provide the essential indication that
the composition of the upper atmosphere is different from that of the

lower and middle atmosphere. The permanently present 02 and N, are

replaced by O and partially by N, whereas NO is formed in the transition
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zone. On the other hand, if we draw a parallel between this behavior
and the observational data on the altitude of the ionospheric regions,
we may conclude that NO and O2 characterize solely the atmospheric re-

gion of the E layer, whereas the other constituents, 0, N and N, are
present in the region of the Fl and F, layers.

C. Helium

That oxygen and atomic nitrogen characterize the atmosphere at the
highest altitudes is well demonstrated by the investigations made in
the preceding sections. However, if we apply the equation of statics
(ITI.13) to the upper atmosphere, the vertical distribution of the
molecular concentration should be subJjected to a higher temperature so
that the density may still be sufficient at the highest altitudes. Even
in this case, the diffusion phenomenon could not exist, or else the at-
mospheric region located above 300 km would be exclusively made up of
atoms and the N2 molecule would be absent. Taking the ionospheric re-

sults into consideration, radio engineers have advanced the hypothesis
that the vertical molecular distribution is subJjected to a high tempera-
ture (Ref. 67), in order to make the calculated altitudes of the F, and

F2 regions agree with the experimental determinations. Thus, by implic-
itly assuming that the rate h of logarithmic decrease of the molecular
concentration with altitude (ITII.38) is identical to the height H of the
homogeneous atmosphere (IIL.39), one still assumes that the temperatures
of the E and F regions are quite different. Whereas, for the E region,
the assumed value of H (which we shall call the ionospheric height scale)
is of the order of 10 km, it reaches or surpasses 30 km for the F region.
In the case of a uniform composition, we see that the temperature of
375°K at about 100 km should exceed TO0°K at about 250 km.

For this hypothesis to be acceptable, it must be able to interpret
the observational data of all the stations. Thus, at the stations of
the auroral zone (Tromsd, for example), the E and F regions are analogous
to the regions of middle latitudes, so that the ionospheric scales of
height H do not show any essential differences. We have recently indi-
cated (Ref. 68) that the region of the upper atmosphere at middle lati-
tudes is subjected to a solar effect which is more pronounced than that
to which the polar regions are subjected during winter, and its tempera-
ture is therefore slightly higher. However, we have also shown (Ref. 68)
that the temperature of the auroral region at about 100 km was below 0°C.
In addition, observations made by Vegard (Ref. 69) have never shown the
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temperature increase required by the above hypothesis. Hence, it is im-
possible to reconcile the low "auroral temperatures" (Ref. 68), whose
determination ultimately depends on the observation, with the "ionospheric
temperatures" (Ref. 68).

Consequently, it is our view that the results of the theory and ob-
servation contradict a marked increase of the temperature with the
altitude.

Since the hypothesis of an elevated temperature in the F_ region

2
cannot be accepted, only the decrease in the average molecular mass, by
virtue of (III.9), should be one of the principal causes of this exten-
sion of the atmosphere toward high altitudes. We have seen that the

total dissociation of O2 and partial dissociation of N2 takes place be-

tween the E anf F regions. However, a simple calculation shows that this
dissociation accounts only partially for the change in the structure of
the atmosphere expressed by the variation of H. Hence, the general de-
crease of the average molecular mass should be attributed to a light-
weight element which has special properties within the atmosphere. This
element should be abundant, so that the average molecular mass be appre-
ciably influenced by its presence. Furthermore, its power of molecular
association should be negligible as compared to 02 and Ng. Moreover,

its spectroscopic properties must be such that its lines are difficult
to observe in the spectrum of the light of the night sky and even in the
spectrum of the auroras. In addition, the difference in the ionospheric
height scale of the E and F regions should be Jjustified in the presence
of this element.

Only one atom meets all the conditions which we have Jjust enumerated:
helium. Indeed, this inert gas does not enter into any molecular associ-
ation. Its electronic affinity is null. No forbidden transition (the
most intense radiations in the spectra of the night sky and of the aurora)
is located in the observable spectral range. The radiations which wmay
appear in this range correspond to allowed transitions. The example of
the oxygen atom (Ref. 70) shows that the intensity of the allowed lines
is very weak as compared to the intensity of the forbidden lines, and the
allowed transitions of HeI, whose excitation potentials exceed those of
OI, will therefore have, a priori, a very weak intensity. Hence, theilr
observation even for an abundance of Hel equal to that of 0O will be
exceptional (Ref. 71).1

lThe lines of the hydrogen series have been observed only very recently
in the spectrum of auroras (L. Vegard, Ref. TL).
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Let us assume the effective presence of helium. Then, we only have
to account for the difference in the ionospheric height scales of the E
and F regions. A priori, two explanations may be considered: the first
is to assume that the influence of helium becomes effective only at the
level of the F region; the second is that the ionospheric height scales
do not correspond to these heights of the homogeneous atmosphere H but,
in reality, to the parameter h of the wvertical distribution of the ion-
ospheric constituent subjected to ionization. In the first case, it is
difficult to find the physical reason for an accumulation of helium
starting at 200 km, and this explanation cannot be retained. On the
contrary, if it is assumed that the parameter h representing the rate
of logarithmic decrease of the counstituent forming the E region applies
to a molecule such as Oy, it 1s possible to assume that h is smaller

than the H scale attributable to the other constituents O, N, etc. and

it will be possible to consider helium as a permanent element of the
upper atmosphere.

In short, helium should be added to the principal constituents 02,

NO, No, O and N, which effectively determine the average molecular mass
of the upper atmosphere. However, we still have to interpret the con-
stant of the ionospheric height scale in order to explain the difference
between the scales of the E and F regions. This point will be elucidated
in Section 3, of Chapter V.
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CHAPTER IV. GENERAL TONIZATION EQUATIONS

Section 1. Introduction

The determination of the state of ionization in the upper atmos-
phere requires an a priori knowledge of the elementary mechanisms affect-
ing the distribution of the physical constituents--neutral molecules
and atoms, positive and negative ilons, and electrons. 1Indeed, we cannot
consider the simple case of thermal ionization determined by the Saha
equation, since the atmosphere is not made up of a gas of uniform tem-
perature subjected to its own temperature radiation. In other words,
the use of an equation resulting from a simple chemical reaction is not
permitted because the statistical equilibrium does not correspond to the
radiative equilibrium.

In fact, the atmospheric gases are subjected to the action of an
external field of radiations emanating from the sun, and the knowledge
of the elementary processes such as photoionization and cumulative loni-
zation is required for the determination of the production of charged
particles. TIn the absence of solar radiation (night conditions), ioniza-
tion due to either electron impact and/or collisions of positive ions
could be involved. However, these processes, which require an excessive-
ly high energy, are always negligible in the presence of ionizations
resulting from a transfer of activation by collisions of the second kind.
Moreover, since the concentration of excited particles is relatively
slight, the latter collisions will not be considered in the presence of
the ionization residue induced during the day in the field of the solar
radiation.

The radiative processes of ionization of neutral particles and
negative ions are offset by the processes of spontaneous recombination
which depend on the physical conditions of the atmosphere. As in the
case of ionization, one must resort to the elementary mechanisms result-
ing from collisions between neutral particles, ions and electrons. How-
ever, there is a fundamental difference between the processes inducing
the ionization and recombination, respectively, because of the differ-
ence in the temperature of the gas (atmosphere) and that of the source
(sun). Tonization can appear only under normal state conditions, where-
as recombination takes place in all of the normal and excited states.

In other words, we are dealing in the atmosphere with a gas whose tem-
perature is too low, relative to the equivalent temperature of the solar
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radiation, to permit a state of equilibrium in which the transitions

from a given quantum state are solely offset by transitions to the same
state. It is, therefore, necessary to determine the state of ionization
in its most general form and to find adequate equations for direct appli-
cation to the ionosphere.

Section 2. General Equations
T.et us consider at time t a medium composed of Nj = Nj (t) neutral

atoms of the j species of N; = N; (t) positive ions, of NT = N7 (%)

J J
negative lons, and of NE = NE (t) electrons per cm3. In general terms
we can consider the relations

0NE . «— — -+
— = 34Nk + ZANK + PN N — 2r, Ny Ng — 2NN, (Iv.1)
ot k k t K k -
\u
SE = N, — N Ne — NFEANT (1V.2)
oNj _ - -
b%. o= (thjNE— (lej —_ Nj Ek])ka— J.\'j zkaNt (IV.3)
(j, b= 1,2...

where we have taken into account the following elementary processes:
(1) for relation (1), appearance of electrons via:

(a) photoelectric ionization whose coefficient is i

(v) photoelectric detachment of electrons from negative ions,
coefficient dk

(c) molecular production (radiative or via triple collisions)
from negative lons and neutral atoms, coefficient Py

and disappearance of electrons via:

(a) recombination of electrons and positive ions, coefficient Ty

(b) attachment of electrons to neutral atoms or molecules, coef-
ficient a
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(2) for relation (2), appearance of positive ions via:
photoelectric ionization, coefficient 1.
and disappearance of positive ions via:
(a) recombination of positive ions and electrons, coefficient rj

(b) formation of neutral molecules or atoms from positive and
negative ions, coefficient fk

(3) for relation (3), appearance of negative ions via:

attachment of an electron to an atom or to a neutral molecule,
coefficient aj

and disappearance of negative ions via:

(2) photoelectric detachment of the electrons of negative ions,
coefficient dj

(b) molecular production from negative ions and neutral atoms,
coefficient Py

(c) formation of molecules or neutral atoms from negative and
positive ions, coefficient fk

These equations being formulated, we now have to find the values of
the various coefficients. To this end, we shall successively study the
different cases which may present themselves and thus establish the rela-
tions which will be immediately applicable to the ionosphere.

In order to simplify the notation, we shall determine the coeffi-
cients separately for each speciles J of atoms. Thus, we shall be able
to apply the calculated values immediately to equations (V.1l, 2 and 3)
adapted to a single element.

ON

()tE =ij N; + d;\'j + p; Nj—Nj — Tj Nj+NE — a; N Ne (IV.LL)
Ny . + g IV.5)
0TL='sNi—'stNE‘fjl\j+Ni (

IN; — e o—

M o N Ne — N7 — pyNTX; — f; NFN (1v.6)

at
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Section 3. Coefficients Determinations

We are still considering a medium composed of atoms of different
species, in particular, of Nj atoms of species j, and of NE electrons

per cm3, whose temperature TE characterizes the Maxwellian velocity of

the electrons. This medium will also contain positive ijons wt and nega-
tive ions N~ . The gas is located in a radiation field corresponding to
the diluted radiation of the sun. The density of the radiation will be
given (see Chapter II) by that of a black body of temperature Tgq

(A > 910 R) multiplied by the geometrical dilution factor Bg = 5.&-10'6,

or by the density of a black body of temperature TSE (r < 910 R) multi-

plied by the dilution factor B, = 1.06-107*°. The numbers of gquanta

reaching the top of the atmosphere are deduced for these two cases,
respectively, from relations (II.2) and (II.39) determined during the
investigation of the energy of solar radiation carried out in Chapter IT.

A. Electron Production

Case 1. Photoionization, coefficient 1.

Let us consider atoms of species J susceptible of being ionized at
an altitude z in the atmosphere. The radiations emitted by the sun will
undergo an absorption before arriving at the point where we are studying
the photoionization. Let T(v) be the optical thickness for a frequency
v, defined by the relation

Nyxs(v)dz

sinlg (IV’Y)

dt(v) =

where Nj is the number of atoms per cm3, x (v) the coefficient of atomic
absorption, and sinh@ the sine of the angle of height of the sun above
the horizon. We shall, therefore, write that the number of processes of

absorption inducing ionization in the medium of species j, located at an
altitude z in the atmosphere, is

Nji = Njige (1v.8)

Ceegt
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where i., is the ionization coefficient at the top of the atmosphere, or

better, at an altitude at which the absorption no longer plays any part.

The atoms of species j will be ionized when acted upon by an absorbed

energy, hv, which is greater than hvO 37 the ionization potential. The
2

excess energy h(v- vy J.) will be converted into the translational energy
of the electron

1/2 wv® = h(v-v_ .) (1V.9)
0,d
In order to calculate the number of absorption processes inducing
the ionization of atoms of species J, we must know the probability of
absorption from the normal state of the neutral atom to the ionized
atom. Assuming this value to be known, in the case where there is no
absorption between the source and the point considered, we can express

the number of photoionizations per cm3 per second for the atoms Nj in a

frequency interval dv by

0B;
N, 258 po(v)av (17.10)

where 6Bj/6v is the probability of photoionization of the solar radia-
tion at the point under consideration.

In the frequency interval v = <o - v
processes is equal to

0,3’ the number of ionization
2

Nyl = J. 9By fo (v)dv
or, from (II.1l),
N,S:rch 3 Vv
N; i == .11
Nt J av Jw/ET_y (1v.11)

Vo.j

Introducing the atomic absorption coefficient

o —— hv 03]
[v) =— == (Iv.12)
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we write equation (IV.11) as

o]
. Nysnp v (vidv V.1
Nyio = 2 J‘ e WV/ET 4 (17.13)
Vo.j

Tn order to integrate this expression (IV.13), we must know the law
of variation of the coefficient xj(v) as a function of the frequency.

In the case of a hydrogenlike atom,

xj(v) = constant‘v_B = C‘j‘v'3 (Tv.1k)

For the states lS and 38 of helium, we have

xy (V) = constant v 2 = cJ.-v'2 (TV.15)
For the normal state of the nitrogen aton,
o1 -1
”j(v) = constant'v "~ = Cj'v (Iv.16)

In the other cases where the distribution of the absorption is
known and where it is impossible to determine a simple law, an average
value of xj may be taken.

If ”j(v) = C_'v_3, equation (IV.13) is written as
J

c? v(e hv/k’l _ ])
0.

©@0
N i, — o Njojf & (TV.17)
Vv,

In order to calculate conveniently the integral defined in the
second member, let us set

o ©
— g — R ..
Ei (z) EJ‘ ix_‘l’* ot Ei () Ef L-l—(h
Xy * *

]
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By expanding (e~ - 1) ~ in series, we find
(e* - 1)t = e X1+ eF e
and the integrated expression (IV.l?) is written, after setting
hvo,j/kT = x, as
. SJ'IZB ® h"o')
=—5C i -
o = T O @2, U (1v.18)
-2 . .
If uj(v) = Cj'v , we write (IV.13) in the form
2
. 8 dv
N = 9 S A
J o o2 hJCjJ‘ e ’IV/’C»T___«I
Vo,j
where
0
. 8xfp LT dz
Nido =~ o N’CJ 1
hve /11
Whence, by integrating
. Saf} LT R
fo ”c‘zﬁ NGy log, (1= ¢ Mvey /1Y) (1v.19)

-1
If xj(v) = Cj'v , we obtain the following formula for (IV.13)

, 8af . vdv
Nyt = c? Nj('jJ e MV/ET
Yo

J

Il
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0

or
. 8nff /ET\? adr
Nyio = 5" (’,7) Njcjf =—1

hevojper

By exapnding (e* - 1) = in series, we find

o
® 1 —whv . JET [hv,_. 1
J. ole* —D~Hde = % e s/ o To);

w=1 10
hVo.j[kT

whence

8f /AN, & 1 —uwhv, /KT /hv, .
= )C: A we s/ (—-—’- + l) (1V.20)

- kT w

== 2 (%

el B
we=1

Finally, if we take an average value x of xJ.(V), we write (IV.13) as

(5]
. 8nf v2dy
N = 2P Ny — e
1t 2 Ny J e W/ET __ 4

‘Vo.j

where

h Vi e.t — 1
v, /1T

~

o0
. 8xf /LT3 22d.x
Nie = (7) f

We see that if we take (II.2) into account, we have

, i, = 2Q (Tv.21)

where Q 1s the number of gquanta reaching the top of the atmosphere.
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Tn short, expressions (IV.18, 19, 20 and 21) provide the values of
the ionization coefficient, and thus the number of ionized atoms of a

given species J per second per cm3 as a function of the temperature T of
the sun, in the case where there is no absorption between the source and
the point under consideration.

In the case of absorption, we have, by virtue of (IV.8),
-7

i=1lee ©

where T is given, on the basis of (IV.T7), by

0
% ¥h N
T = — -s‘ Ndz = ',—Lh‘
sinho sinhp
z

where N = Noe‘z/h (cf. TII.38).

Whence, finally

_ whN
sinhy (Tv.22)
i =i,
Applications
Oxygen molecule
(1) 0, + hv A < 765 &) — OF + ¢ (electron).

Observation of Price and Collins (Phys. Rev., 48, 71k, 1935); coef-

ficient of absorption x = l.”(2'10—17 to 3.44'10_18, calculated by Bhar
(Indian J. of Phys., 12,363, 1938). This case will not be considered,
since the usable solar energy has been absorbed by O and N in the upper

layers (see Chapter V).

(2) 0, + hv (. < 1019 &) —>» 0F + ¢.
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Weak absorption, not yet observed, for which Mitra, Bhar and Ghosh

. -21
(Indian J. of Phys., 12, 455, 1958) have chosen x = 10 .

(3) O, -+ kv (1000 A < ) < 910 8) —> 05 —> OF + &.

o]
System of bands which, beginning at 1,019 A, are in the preioniza-
tion region. The absorption of these bands is five times greater than

in the dissociation continuum at A 1,750 X. x 18 then assumed to be

w1077,

For the oxygen molecule, we apply relation (Iv.21) and obtain (see
Table 1)

1w (A< 1,019 K) = 10'21-Q - 107 ir Tq 6,000°K (Iv.23)

o 17 2.8:107 if T = 6,000°K
i (1000< A <910 A) = L*10 7' :Q = 8 (Iv.24)
7.2°107° if Tg 5, 740°K

I

o]
NOTE. The hydrogen lines L, (A 972.55 A) and Ly (1 930.76 &) are
absorbed by the preionization bands of O2 observed by Takamine and Suga

(Scient. Papers Inst. Phys. Chem. Res., 29, 213, 1936).

Nitrogen molecule
(1) N, + hy (L < 661 &) —> N + ¢.

Observation of Hopfield (Phys. Rev., 36, 789, 1930) and Takamine,
Suga and Tanaka (Scient. Papers Inst. Phys. Chem. Res., 34, 843, 1938).
A few tenths of one mm at standard pressure indicate the absorption of
the continuum. Bhar (Indian J. of Phys., 12, 363, 1938) assumes that

8 or 1.94-10_18. See Wulf and Deming (Terr. Magn., 43, 283,

1938). xmay then be assumed to be 10717 cm®.

x= 9.67°107F
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(2) N, + hv (A < 795 &) —> NF 4 ¢.

Absorption observed by Worley and Jenkins (Phys. Rev., 5k, 305,
1938) which appears weaker than that of the preceding continuum. In
18

this case, x is assumed to be 10 = .

Formula (IV. 21) is applicable where Q is provided by relation
(TT.39) and in Figure 11. We thus obtain

1
i (A< 661 R) =10 12240107 = 2,24.10710 (1V.25)

-18

10 -3.4'108 = 3.4-10'lo

1w (MK 795 R) (Iv.26)

1l

Oxygen atom
O+ hy 0. < 910 8) = O + ¢.

Coefficient calculated by Bates (Monthly Notices, 100, 25, 1939).

x(vo) = 1.4-1077. variation with frequency given in Figure 15. Appli-

17

cation of relation (IV.21), where x= 1.45'10_ and Q, deduced from

formula (IT.L42) or from corresponding Figure 11, is 1.79'109, gives

8

iew (A< 910 R) = 2.6:10" (1v.27)

It is to be noted at this point that this value of i., corresponds

to the minimum of solar activity. Relation (II.39) is deduced, in the
final analysis, from the observational results obtained during the
eclipse of 1932. For the value during a solar activity maximum, the
value of 1., (IV.27) may be multiplied by 3. Hence,

8

ie (A< 910 B) = 7.8-207 (Iv.28)

1Tt is to be noted that this continuum is in the region of A 584 & of
helium, where Q < 107 quanta.
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Nitrogen atom

N+ hv (A < 850 &) = Nt 1 ¢.

Coefficient calculated by Bates (Monthly Notices, 100, 25, 1939),
x(vo) = 2.8:1017.  From the curve traced by Bates, we deduce the fol-

lowing law

x(v) = 7.76°10 2.yt
Hence, the application of formula (IV.20) with T = Top = 12,000°K
and BSE = 1.06'10_:L2 gives the following results
) ? .8
iew (M 850 A) = 1.6°10 (Tv.29)

Helium atom
For the states of helium, we deduce from the theoretical results

of Vinti (Phys. Rev., 4k, 524, 1933) and Goldberg (Ap. J., 90, 4lk,
1939) the following values of the absorption coefficients:

118, x (v) [A < 504 A] = 2.8 X 1014 X y—2

Por the states (! 218, x (v) [A « 3120 A] = 548 X 1012 X y—2
23S, % (v) [A < 20600 A] = 8.40 x 1012 x y—2
For the states § 2P x (V) [k < 3421 A] = 2.85 x 1027 x vy-3
21P1 x(V) [}\. < 3678 A] = 1.41 X 1027 x v-3

For the S states, relation (IV.19) applies and we have

ie (A <50k R) = 9.7-10713 (1v.30)

ith T 12,000°K and 1.06°10 12
wi g = 12 an BSE = 1. .

If T, = 5,740°K and Bg = 5.4-10'6,

ie (A< 3,120 8) = 4.93-107° (1v.31)
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i. (A< 2,600 8) = 1.11-1072 (1v.32)
For the P states, relation (IV.18) gives the values of i

1. (A< 3,421 R) = 3.440107° (1IV.33)

iw (A< 3,678 &) = 3.06-1077 (1v.3%)

Case 2. Photodetachment, coefficient 4.

The mechanism of photodetachment corresponds to the mechanism of
photoionization. We can, therefore, repeat the same reasoning as that
used for the derivation of equations (IV.10 ff.). We can, therefore,
write

20
- 8afi | — v (v)dv
N"a=2n"| e
P f VT
Vo.j
and by integrating (cf. IV.21), after adopting an average value x for

x(v)

N d=N xQ

Application. In the upper atmosphere, the most abundant negative

ions will be O~ and 02. Unfortunately, it is impossible to determine a

sufficiently accurate value of the energy of photodetachment. An appro-
ximate value may be determined in accordance with Massey (Proc. Roy. Soc.
London, 163, 542, 1937). In addition, let us note that the spectrum of
a negative ion has never been observed.

Case 3. Detachment by collision, coefficient p.

In the atmosphere, the detachment of electrons by collision is pos-
sible because the energy of detachment is relatively low. In his study
of the mechanisms of negative ions, Massey (Negative Ions, Cambridge,
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1938) points out that the detachment by collisions occurs according to
the process

AT + B=»AB + ¢

It is, therefore, necessary to determine the number or(A™,B) of
double collisions (kinetic collisions) of a negative ion A~ with a neu-

tral particle B, and to know the probability w(A”, B) of molecular pro-
duction AB during the kinetic collision. We immediately find from

(II1.49)
piN Ny =p N (A)NB) =9 (A7, B)o(A™, D)
(1v.36)
ma + my 2
iy nly

) 3

= NT(A) N(B) Vsnokn ofA7, 1) 30

Applications. Let us consider

0 +O—>02+¢

-8
1.204+30 ~ cm is the molecular diameter

For this reaction, where ¢

300°K, we obtain from (IV.36)

of O2 in the normal state and T

16 (IV.37)

p = 2:10
if we adopt the value given by Massey (Negative Ions, Cambridge, 1938)
for «(A™, B) = 1077,

The same conclusions apply to N and No.

B. Disappearance of Electrons

Case 1. Radiative recombination, coefficient r.

In order to determine the number of processes of radiative recom-
bination, we must know the emission coefficient ynj for every quantum

state n. However, there is a possibility of relating Ynj with *nj by
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considering REinstein's relations between the atomic absorption and emis-
sion applied to the continuum of the series. According to Milne (Ref.
72) and Roseland (Ref. 73), the following expression is obtained by set-
ting 7nj = anj’ where qnj is the capture cross section:

) gni 2022
Gny (¥, Vo) = g—c; PRI %(¥,Yo,nj) (IV.38)

where qnj and ch are the statistical weights of the n state and of the

continuous state for species J and where v i1s the velocity of the elec-
tron related to the frequency v by relation (IV.9).

If now dNE denotes the number of electrons (per cm3) whose veloci-
ties are comprised between v and v + dv, we can write that the number

3

of recombinations »n , per cm~ per second in the n state of species J is
equal to nJ

Tlnj (v)(l'l/' == N,+ (ZNE tqn’ [1 +ﬁs (cll\'/’."] s ]) 1-_} (IV.39)

where vqn<j is the coefficient of spontaneous recombination, and where
the term in brackets corresponds to the effect of the induced emission.
In the atmosphere, the induced emission being negligible in the presence
of the spontaneous emission, we shall disregard it below.

The number of electrons dNE 1s given by the formula expressing the

law of statistical distribution

Ep2dop (Iv.L0)

3/2 - -2 /91,
ANy = 42N, 1/2 m >/ o MY /25T

22k,

Equation (IV.39) is then written, account being taken of (IV.9, 38
and 40), as

4xch3 1 3/2 [/ " *
. v = NN — Ini , — h(Vv— o)) /kT vtadv
Nus(v)dv i Ng P (2n1)szE> ey *a5(v) e ) /kTg (Iv.L1)
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By integrating for all the values of v, or of v on the basis of
(IV.9), and summing for all the states,

0
[-2]
NfNgr = ,?Lf Moy (v) do (Tv.52)
Vo,nj
3 o °°
~ NN 4nh ( 1 3/2 s o MVoui /LTy Fos Vo (v) dv
E ¢? 2rmlTg et [ v/ ETy
Vo,nj

In order to integrate this expression we must know the law of
variation of x(v).

If  %y(v) = Coy X v3, we obtain

-} -} '
szn;(V)(ZV e* . (hvo nj)
—— = Cy ~~dz = Cy; X Ei{ ——
f o hv/lTy P Ty

hvonjry

Vo,nj

and expression (IV.42) is then written

__ dn n? 32 & gus o ae [ MVomi\ Tvon; JkTg
r = pes <m> n}j):l ‘g‘: (Jnj I (—];i‘h— € (IV.A3)

If #4v) = C,; X v*, we similarly find

[-»] 20
viz,(v) dv Cyl:T, kT , .
: " = . e dy = CnJ £ e hy ‘o.nj /]' 1 E
v/l h h
h

Vo,nj Vo, nj/kT,.

Hence, the integrated expression (IV.42) gives the following
result:

2 -]
, = V;h 1 3 Iny

. ol Jes
V nctmdragaiz VTE n==1 Yes

(Tv.Lk)
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If #uy(v) = Cy; X v, we obtain

0
Vit (v) dv KTy ETg\2 /hvo,n S S
’—()\_ = nj( ) ¢ —fdx = an (.___E_> (,_'_‘__i + 1>c lno. ,l/]n’] £
e hv/EDg iy Wy

Vo,nj v o kT,

Hence, we write the integrated expression (Iv.42) in the form

4J'th / n b/ 0.
(2m> (T E)z E cu,z ’(;G‘T I+ 1) (IV.45)
cj

Finally, if we can apply the mean value theorem by considering a
mean value x, . for xnj(v), we have

20
vzx,,,(v) _ I\ ey
hv/kTE = z%¢
Vo,n) hv, nifkTg

BT, \3 [(hvo . ) ] T
= Y - 0.0j[%Ty
’( 3 WTe + 1

and hence, (IV.42),

4 ET.N\32 & g Jtve.n; 2
r = —( F) y v “ny [(———j +- 1) + 1] (Iv.46)
¢ \ 2am n==1 g KTy

Applications. The coefficient nnj(v) do not follow the same law as

a function of the frequency. Whereas for hydrogen xnj(v) 1s always pro-
portional to v-3, the other atoms exhibit different behaviors according
to their states. The normal state is never hydrogenlike, whereas the
higher states rapidly become hydrogenlike.

Hydrogen

Relation (IV.43) is applicable where g5 = on? (n=1, 2) and g _. =
1. Morevoer, since J cd
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265410/
—— y-B

3 Vg chén’

'/.“j(V) = an'\'_3 =

we obtain (IV.43)

c3 h3 6xmhTg kTg

n=1

2P5e1om 1 3/2 BTN
P oo 2mielim < / § ehvo.nj,kTE-]—: Ei(ln.,,n,)
n

For T = 3OOOK, we have summarized in the following table the

values of

e onl¥Te L gy (Moo
s B T,

n==1

Table 3

x =1 1.897-10°3 x =5 L4.286°1073 : x = 25 “
2 2.840°10"3 10 5.400°1073 30
3 3.1463-1073 15 5.978-10°3 40
i 3.926-1073 20 | 6.343°1073 50

Hence, the recombination coefficient of hydrogen, with T

is

-12
Ty = 4k,5-10

Oxygen

For the initial state 2p, expression (IV.46) is used and

r(2p) = 0.56-10'12

6.589-1073

6.766+1073
6.998+10"3

7.141-1073
= 300°K,

(Tv.47)

For the higher states considered to be hydrogenlike, with n = k4

to 50,

50
r, =232 x 10—12
n.-.=,4
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Whence

50
ro = r@p) + ¥ r, = 288 x 1012 (Tv.48)

n::-%

Nitrogen
For the initial state 2p, expression (IV.45) gives
-12
r(2p) = 0.32°10 1
The higher states are also considered to be hydrogenlike and hence

S50

ry =r2p) 4+ ¥ r, = 2.64 X 10-72 (IV.49)
n—=4

Helium

For the S states, we must consider (IV.4k), and we obtain

2

r(1'8) = 0.985-10"% (IV.50)

r(23g) = 110733 (1v.51)

r(2%s) = 2.96-10"" (IV.52)
For the P states, expression (IV.43) applies; whence

r(23p) = 1.01-10"%3 (IV.53)

r(2'p) = 1.8-10714 (TV.54)

Considering the hydrogenlike atom for the higher states with n = 3
to 50



1i2

50
S r, = 333 x 10-12 (Iv.55)

n=3

Finally, (IV.50 to 55),

12

T = 4.56:10 (Iv.56)

Molecules. Since it is impossible to determine the recombination
in the various states in the case of molecules, we postulate a value of
the recombination of the same order of magnitude as that of the atoms.

Hence,

r =y = o100 %8 (Iv.57)

0, "Np

Case 2, Attachment of electrons, coefficient a.

The radiative attachement process is the reverse of the photo-
detachment process and thus corresponds to the mechanism of radiative
recombination. Relation (IV.46) may be applied mutatis mutandis

o

AT TN 9 hve; >0
= - ___> 4= G, 1) + 1J (1v.58)

c® \ 2, [

Application. Relation (IV.58) can only be applied if the exact
value of the energy of detachment is known. In the absence of this
value, one can assume with Massey (Negative Ions, Cambridge, 1938) a

probability of the order of 5'10_6 per kinetic collision between an elec-

tron and an atom. We then have for

O+ée—»0" + hv,

1L

a = 2-1071 (1,840-16)1/2.5:1076 = 2-10" (IV.59)
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C. Disappearance of Negative and Positive Ions
Collisions between negative ions and positive ions, coefficient f.
A priori, the elementary mechanisms are the following:
(1) A double radiative coilision between a negative ion A” and a
positive ion Bt produces a molecular formation AB according to the

equation

A” + BY—»AB + hv

(2) A triple collision between the ions and a third particle M
which intervenes for the conservation of energy.

(3) A double collision causing a transformation of the ionigzation
energy into excitation of the atoms

A" + BY—» A% + B¥ (excited atoms)
with A¥—p + hv

B¥—»B + hv

In the case of double collisions, it is necessary to determine the
number of kinetic collisions of a negative ion A™ and a positive ion Bt
and to know the probability of molecular formation and of formation of
neutral atoms. A formula analogous to (IV.36) results immediately.
Hence, the most important mechanism will be that whose probability of
formation of a molecule or of neutral atoms during the collision will be
the greatest.

As far as triple collisions of charged particles are concerned,
J. J. Thomson's formula (Ref. T4) permits an immediate application.

Applications. Among the various reactions in the upper atmosphere,
we should retain that which involves an oxygen molecule

- +
0™ + 05—0 + 0o

whose probability during a kinetic collision will be of the order of
unity. It follows that this reaction alone should be retained to a first
approximation, and we therefore obtain for the value of the coefficient f

£ = 2-10"1%, (1V.60)
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As far as reactions such as

0" + 00+ O
(Tv.61)

0" + N0+ N
are concerned, a lower probability should be assumed. The excitation
potential of 0(35P) is equal to 10.69 eV. This value is greater by
0.20 t 0.08 eV than the difference between the ionization potential
(13.56 eV) and the affinity (3.07 * 0.08 eV) of OI. The difference,
11.42 + 0.08 eV between the ionization potential of NI (14.49 eV) and
the affinity of OI is lower than the excitation potential of the closest

excited state, 3p281/2, of NI. However, the agreement in resonance is

better if one considers the reaction
0™ + N (%D) + 0(3%8) (Iv.62)

where the difference between the ionization potential and the affinity
(11.42 + 0.08 eV) does not differ very much from the sum of the excita-
tion potentials of N(?D) and 0(355): 2.37 + 9.11 = 11.48 ev.

As far as the effect of the mechanism
- i . 1
0"+ §+mé@mmmd)+o(s) (TIv.63)

is concerned, it should be important in the production of the light of
the night sky, but does not seem to immediately affect the ionization

state.
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CHAPTER V. PHYSICAL INTERPRETATION OF THE IONOSPHERE

Section 1. Introduction

The elements necessary for a physical interpretation of the iono-
sphere, which result both from data provided by obseryations (Chapter I)
and from results obtained on the solar emission (Chapter II) on the
structure and composition of the atmosphere (Chapter III) and on the
state of ionization (Chapter IV), are now known through the study which
we carried out in the preceding chapters. It will be remembered that
the characteristic results of systematic observation of the various
regions of the ionosphere should be interpreted by the ionization equi-
librium. This equilibrium is due to the photoionization by the solar
radiations and to the disappearance of electrons as a result of elemen-
tary mechanisms within the physical medium of the upper atmosphere
(h > 90 km). Consequently, we can proceed from this basis to a theo-
retical study of the ionosphere, which will lead to an interpretation
of the principal phenomena observed.

Section 2. Formation of an Ionized Region

The general ionization equations (III.1l, 2 and 3), applied to a
given element of the upper atmosphere, may be written, by removing the
species index,

5= = Ni+ N7d + pNN~ - aNNg — NN (v.1)
Nt _ i

%t—— = Ni — fNTNT — #NYN, (v.2)
X _ eNN, — N~d — pNN~ —— JN'N™ (v.3)

Let us recall at this point the meaning of the various symbols used
(cf. Chapter IV, p. 94); N, N', N~ and NE represent respectively the

concentrations of neutral atoms or molecules, positive ions, negative
ions and electrons; i is the ionization coefficient; 4 is the coeffi-
cient of photodetachment; a is the coefficient of radiative attachment;
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p is the coefficient of detachment by collision; r and f are, respec-
tively, the coefficients of spontaneous recombination of electrons and
negative ions with positive ions.

Since the ionospheric medium is assumed to be electrically neutral,

it is postulated that the number of positive charges is equal to the
number of negative charges,

NT =N =N ' (V.k4)

(v.5)

In equations (V.1, 2 and 3), a part of the terms is due to the ab-
sorption of solar energy, while the other part is due to elementary
mechanisms affecting the neutral and charged particles within the upper
atmosphere. It is necessary to consider the distribution of the ab-
sorbed energy which causes the lonization of neutral atoms, and to de-
termine the processes of recombination and attachement which are the
cause of the disappearance of electrons. Hence, it is possible to in-
vestigate the conditions under which an ionized region can be formed,
i.e., under what conditions a maximum of the electron concentration
exists at a fixed altitude. "

To this end, let us consider the stationary state where we have

oNt  aNT N,
= === . = V.6
at at Jt 0 ( )
Furthermore, let us set

N
=5 >0 (v.7)

e

whence, (V.L),
-+

© + 1 Ezh >0 (v.71)

Ng

From (V.6, 7 and 7'), account being taken of (IV.22), the initial
equations (V.1, 2 and 3) assume the form
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__ 2N
Nip, e SO 4 (@ 4 pN)uNg = aXN, + r(l - w)Ng (v.8)
_ N
Nig e e+ wf)(1 WX (v.9)
aN==1c[¢4-pN + (1 -k u)fN, ] (v.10)

Equation (V.9) immediately gives the expression for N,

*h N
sinhg | (v.11)

Ni, €

IR

NE=

where the numerator corresponds to the electron production by photoioni-
zation and where the denominator represents the recombination coefficient

a=(r + uf)(1+ u) (v.12)

In order to determine the condition of formation of an ionized re-
gion, we have to express the condition of an electron concentration maxi-
mum at altitude z. Since the molecular concentration at altitude z is
given by relation (ITI.38)

N = NO e-z/h,

we can replace the independent variable z by N. Hence, we shall differ-
entiate expression (V.8) with respect to N. We obtain, (V.8),

wh N

. sinhg zhN
I, € —_—
® a sinkip

ou
N

) + (@ + pN — yN )N, = (& — pu)Ng

Similarly, by differentiating equation (V.10) with respect to N,
we obtain the expression
oun

a—pu=|[d+ pN + f(1 + 2u)N N
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which, introduced into the preceding relation, yields

_ _XILN (V.13)

sinly ® N on 2
—_ = 2 . ) fIN?
to€ {1 sinhQ) N [ + (1 + 2u)fIN,

Taking (V.9) into account, the latter equation is written as

7N r + (1 4+ 2u)f on
— - N
sinlig 1+ w)(r + uf) B OoN (V.14)

This 1s the general expression providing the condition of a maximum
in the vertical distribution of the electron concentration, an expres-
sion which, incidentally, results immediately from (V.11) by cancella-
tion of the derivative with respect to N.

Let us now determine under what conditions (V.14) is practically
verified. To this end, we have to find the values of u which satisfy
this equation. Equation (V.10) may be written in the form

— aN B
PN + d + f(1 + )N, (v.15)
or
w = a 1 :
“p d+ f(1+ u)Ny (v.157)
+ -
oN
and, by differentiating with respect to N,
0 —
&= ¢ —pu (V.16)

N PN + d + f(1 + 2u)Ng

wvhere we note immediately that the terms of the denominator involve the
three coefficients d, p and f, corresponding to the various processes of
disappearance of the negative ions.

Let us consider the possible cases, a priori, in order to deduce the
practical conditions of formation of the ionized regions.
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Case 1. Let us assume that in equation (V.16)
a-pu=0 (v.17)
so that
ox 0 (v.18)

Condition (V.17) will be met in (V.15) when

PN > d + (1 + w)fN, (v.19)

i.e., when the last two terms in the denominator of (V.15) can be
neglected in the presence of pN.

Taking (V.18) into account in expression (V.1k), from the condi-
tion of a maximum of the electron concentration, we immediately obtain
the formula

»h N
1 — = .2
siukg 0 (v.20)

This last expression (V.20) defines the condition of the maximum
of electron production by photoionization. Indeed, by cancelling the
derivative with respect to N of (cf. IV.22 and V.9)

_ xhN
Ni = Nig, ¢ sinkg (v.21)

representing the electron production by photoionization, we obtain the
condition (V.20) of the maximum.

Consequently, the formation of an ionized region is possible in the
case (V.17 and 19) where the ratio u of negative ions to electrons is
determined by the process of collision with neutral particles. Such an
ionospheric region is characterized by a meximum electron concentration
at the level of maximum production by photoionization. PFurthermore, the
effective recombination coefficient is given by, (V.12 and 17),

1
a=-3 (¢ + p)(ef + rp) (v.22)



120

Finally, from (V.20), we deduce for (V.11)

] /5 . L
Ne o = - = 0 sinkg) 2
(N& Jmnx a l/ xhea (sinko) (v.23)

where the value of ¢ is given by (V.22) and e is the base of natural
logarithms.

Case 2. Assuming that relation (V.17) is realized, we obtain from
the practical standpoint the largest value of u

Lo B

since, (V.15'),
d + f(1 4+ u)Ng
>0

pN

If we assume that condition (V.17) is not realized, we must write

pu< a (v.24)
Then, (V.16),
. a ,
oN T @+ pN + (I + 2u)N, (v.25)

since pu may be neglected in the presence of a.

Two subcases are possible:
(a) d > pN + (1 + 2u)fN, (v.26)

and hence, (V.25 and 15), the approximate relations

ou a

NTd (v.27)
uNa_kzNgzi (v.28)
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Expression (V.1l4) is written to an acceptable approximation, (V.25),
based on (V.27 and 28), as

v N ~ r — u?f
sinhg = (1 + w) (r + uf) (v.29)

Since the first member of (V.29) is always positive, one must have,

in the case of a maximum of NE’

r - uef > 0

where u°< L = 0.1,

|

-12 -1
since, (IV.57 and 60), r = 2°10 and £ = 2:10 1T,

In this case, we immediately verify the fact that the effective re-
combination coefficient, (V. 12), is '

1

a=(1L+u) (r+uf)< 107t (v.30)

Moreover, if in expression (V.29) the terms uf and u2f are negli-
gible compared to r, we have

a~r = 2.10 12 (v.31)
and
xhN  _ 4
sinh@

This last expression defines the condition (V.20) of the maximum
for the electron production by photoionization.

Consequently, the formation of an ionized region is possible in
the case (condition V.26) where photodetachment is the main process
responsible for the disappearance of negative ions. The properties of
such a region would be as follows:

(1) In a region (relation V.31) where the level of the maximum
electron concentration corresponds to that of the production by photo-
ionization, the ratio u of the concentrations of negative ions to
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electrons is negligible in the expression (V.22) of the effective recom-
bination coefficient. Hence, the coefficient of spontaneous recombina-

12

tion, r = 2:10 ~°, is the effective value of the coefficient, and (V.11)

is written as
' Ni
N = i

r

and finally, (V.20 and 21),

T 1
N dmas = 1/ <12 (sinhe )P (v.32)
(Ng) l/ whor (sinh )

(e = 2.718)

(2) In a region (relations V.29 and 30) where the level of the
maximum electron concentration is at an altitude exceeding that of the
production by photoionization, the ratio u cannot surpass a value equal
to 0.1. Hence, the effective recombination coefficient will not be able

to reach a value equal to 10711,

(b) TLet 1+ w)fN >d+ pN (v.33)

so that we have, to an excellent approximation, (V.15),

aN

YE A F wr, (V.3%)
and, (V.25),
2 on _ eN _u(l + u)
Nox (1+2u)fN; 1+ 20 (v.35)
Teking (V.34) into account in (V.14), we immediately have
N _ I+ (a4 20)]u (vV.36)

sinh o (rr + uf)(1 + 2u)



123

or
si";:‘lfq@ T 4-,,(21161)'(71—1- 1f) (v.36")
or, in another form, on the basis of (V.12)
»hN (e +1)° (v.36")

sinhy al + 2u)

These formulas (V.36) give in various forms the expression for the
condition of a maximum electron concentration in the case where condi-
tion (V.33) is realized. In this case, the altitude of the maximum
electron concentration is situated appreciably above the maximum alti-
tude of the electron production.

In order to obtain the expression of this maximum electron concen-

tration, let us reconsider equation (V.l3), where we replace —%% and

the term between parentheses in the first member by their respective
values (V.34 and 36). After immediate simplifications, we obtain the
relation

. wh N
ginhg
1 € uf
Ny max = -2 (v.37)
(Ne) a X r + uf

11 2

Since f = 2:10 " and r = 2'10_l , we then have, for a value of
u > 1, the approximate relation

®h N
sinkgo (v.38)

(Ng)max =~ f®

which gives the value of the maximum electron concentration at an alti-
tude greater than that of the production.

The theoretical laws of the formation of an ionized region being
determined, let us now return to the experimental laws deduced from the
observations exposed in Chapter I.
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We have seen that the maximum electron concentration of the E and

F, regions obeys the law, (I.1),

(N} Duoax = (sinh@)%' (v.39)

and that the effective recombination coefficient is greater than 10_8.
In the F, region, the law (V.39) does not apply, and the recombination

coefficient is generally comprised between 10710 ana 1071,

A comparison of these experimental results with the above theoreti-
cal results thus makes it possible to determine which among the cases
studied apply to the various regions. Relations (V.20, 22 and 23), which
define an ionized region where the maximum electron concentration is
situated at the level of the maximum electron production by photoioniza-
tion, should be applied to the E and Fl regions. As far as the F2 re-

gion is concerned, the only possibility of interpretation is provided

by the case 2b studied (relations V.34 to 38) where the maximum electron
concentration is situated at an altitude greater than that of the pro-
duction maximum.

Section 3. Origin of the Tonospheric Regions

The search for the origin of the various ionized regions poses both
the problem of absorption of solar energy and of its vertical distribu-
tion, related to the composition of the upper atmosphere. In Figure 15,
we have collected the various data concerning solar emission (determina-
tion made in Chapter IT, Table 1, and Figure 11), and the absorption
coefficients (calculations of Chapter IV, Case 1) of the various atmos-
pheric constituents (studies made in Chapter III). We immediately find
that the ionization of atomic oxygen (0), atomic nitrogen (N) and mole-
cular nitrogen (N2) and helium (He) results from the radiation of A <

910 g, corresponding to the ionization potential of hydrogen. Hence,
on the basis of the conclusions of Chapter II, we must assume that ion-
ization of these constituents is due to the emission of chromospheric

radiation. Molecular oxygen (02) and the compounds NO and NO' are sub-

Jected to the radiation of A >910 X. On the other hand, we have shown in
Chapter IIT that O2 and NO characterize solely the region of the E layer,

whereas the other constituents O, N, l\T2 and He are present in the whole

upper atmosphere. Hence, the chromospheric radiative energy of )\ < 910 X
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will be absorbed by these latter elements.
N (see below) is total at an altitude greater than that of the E region,
so that the 0o molecule cannot be subjected to photoionization via ab-

125

The absorption caused by O,

o]
-sorption in the continuum at A < 765 A. Thus, two absorption regions
in the upper atmosphere correspond to the two regions of solar emission

o
at A< or >910 A.

In the preceding section, we have shown that if only one element

is considered, the E and F

tion (V.20)

1 regions were defined, among others, by rela-
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xhN  _ =1, -
G =1 or xhN =1, (hy = 90°) (V.40)

where x is an average value of the absorption coefficient, h is the
ration of logarithmic decrease of the molecular concentration, and N
or N is the molecular concentration at the level of maximum absorption,

depending on whether h@ is smaller than or equal to 900.

The F Regions

For the upper regions of the ionosphere, observation (Appleton,
Ref. Th; Pekeris, Ref. 75) gives values from 30 to 40 km for an iono-
spheric height scale which we compare to the rate of logarithmic de-
crease h of the molecular concentration. Moreover, if we consider the
average values of the absorption coefficients (see Figure 15) of 0, N,
N2 and He, we obtain the following results by applying formula (V.Lk0).

For oxygen, if «x= l.h5‘10_17, we write

6:

or NM(o)-1.45-10"17-n-1o6 =1

NM(o)-1.45-1o'l7-3-1o

whence 0

NM(O) = 1.7 to 2.3-10l (V.khoa)

Similarly, for atomic nitrogen, when x= 1.75-10—17, we have

10

NM(N) = 1.4 to 1.9°10 (v.Lob)

In the same manner, for molecular nitrogen when x= 10—17, we
find

0

NM(N2)==3.3'2.5-101 (v.40c)

11
Ny(N5) = 3.372.5°10 (v.L40a)
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Finally, for helium, when x= 8-10'18, we obtain

NM(He) = 3.1 to 5-1010 _ (v.Lor)

These relations (V.L40a to f) determine the numbers of atoms or

molecules (per cm3) at the level of maximum photoionization in the case
where only one element subjected to lonization is considered. We see,
however, that the atomic or molecular concentration is of the order of
lOlo; hence, we find that we are dealing with an atmospheric region cor-
responding to the F region, and thus, the ionization of the F region
results from the solar chromospheric emission of wavelengths smaller

than 910 £.

We now have to determine which atoms or molecules are susceptible
of forming this Fl region. Let us, therefore, consider the various
spectral regions (see Figure 15) which pertain to these various consti-
tuents and write the expressions for the absorption of radiation of

(@]
A< 910 A.
’ — [7%(0)No(0) + 7 (N)No(N) + 71 (1Le)No(1le)Jhe /™
—Z
No(He)e /Li;;we (V.h41)
- — — —z/
/h — [%4(0)No(0) + n3(N)No(N) + #2(N2)No(N2)Jle e L
-2/
No(Nz)e 4o : (V.42)
- - - — 2/
” — [7(0)No(0) + 7a(N)No(N) + 7 (Na)No(Na)Jhe
— (]
No(Nz)e i3 € (v.43)
— - —z/h
— /b — [#2(0)No(0) + %:(N)No(N)Jh e
No(N)e ige € (V.Lh)
- —z/h —
— [%1(0)kNo(O)e — [%2(0)hNo(O)
—z/h) . .
No(O)e 3 et + igpe

!
. RN () 6 N (V-45)
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where (see Figure 15)

% (0) =185 X 1017, i, (0) = %Q = 1.36 X 10~%; @ = 1.01 X
%2(0) =14 X 10~17, ig, (0) = 7.28 X 10—2; Q = 5.2 X 108

% (N) =205 X 1017, ig (N) = 1.07 X 10-8

- — —17 ;. — g —9,
/_.3(0) 15 X 10 17 x 10—t iz (0) =375 X 10—2; Q
22(N) =1.85 X 1017 , i3, (N) = 4.62 X 10~

%1 (N2) = 10—18 ) i3o(N2)=25 X 10-19
24(0) = 1475 X 107 , i4o(0) =325 X 1019, Q
- 149 X 10—17

#w(N) =15 X 10-17 , i1 (N) =383 X 10-1°
#2(Ny) = 10-17 ) i (N2)= 22 X 10-1°

7(0) =125 X 10—17 .
1.225 X 1013

Z(N) = 1.20 X 10-17 i5, (N) =156 X 10-12

1 (Xe) == 0.5 X 10-17 , iy (TT0)= 975 X 10-39

By cancelling the derivatives of expression (V.41 to
tain the conditions for the photoionization maxima.

For He, we find, (V.41),

75 (0)hNo(0) + 7a(NJAN(N) + 7 (Lle)hNo(He) = ¢*M

Since

i, (0)
e 1510t

and

# N (He) ) N(Ie)

%hNo(0) + %shNo(N) L6 N(O) + N

Since it is certain that <

N(He) < 1.5 X 10t [N(O) + N(N)]

9
10 (V.46)
(V.47)
=25 X 108
(v.48)
= 929 X 107
(v.L9)

is, (0) =1.625 X 10-12; Q = 1.3 X 10°

(v.50)

45), we ob-
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we practically have, at the level of maximum photoionization of He,

#(0)hN(O) + % (N)AN(N) = 1

(v.51)

In other words, the altitude of the maximum electron production of
helium is conditioned by the altitude of atomic oxygen and nitrogen.

For N, and xp(N,) = 1077, we have the condition, (V.:2),

%(O) No(0) + %(N)ANG(N) + %a(N2)RNo(Ny) = /b

Since
he(0) _ 136x 108
i1 (N) 22X 10-10 7
and
2(OMN(0) + w(N)ANa(N) (o N(O) + N(N)
#2h Ny(Na) ) N(N2)

Since, in the atmosphere,
N(Nu) < 62 [N(O) + N(N)]

we practically obtain

%(O)AN(0) + 7%(N)ENN) = 1

—— -18
With xl(Ng) = 10 77, we have the condition (V.L43),

#5(0)hNo(0) + 7%(N)hNo(N) + %(N2)hiNo(Nz) = /b

Since

15(0) 136 x 10-3
i3,(N) 25 x 105"

= 54

(v.52)
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and

x1hNo (Nz) - N(Nz)

#3(0)1No(0) + %(N)ANo(N) 7 N0+ XW)

Hence, we have, to the best approximation,

%(0) N(O) + m(N)AN(N) = 1 (v.53)

By virtue of relations (V.52 and 53), the maximum electron produc-
tion of molecular nitrogen is determined by the abundance of oxygen and

of atomic nitrogen.

Let us note, however, that if the effective number Q of quanta
reaching the top of the atmosphere were fixed by the helium line (A

584 R), the ionization of N, would be stronger. However, we can imme-
diately realize, on the basis of an observational fact, that relation

(V.52) will always apply whether the number of A 584 X gquanta does not
exceed the normal chromospheric emission or whether the number of N2

molecules is very low. Indeed, since the F region exists even in winter
in the polar regions (Tromsd, for example) when the sun does not illumi-
nate the lower atmosphere (h < 35 km), the atmospheric element which
effectively produces this region must still be subjected to an lonizing
radiation which does not pass through the lower atmosphere. Since mole-
cular nitrogen is a constituent of the middle and lower atmosphere,

the radiations which should ionize it at the altitude of the F region
are absorbed before reaching it. Only the atoms of oxygen and nitrogen,
the constitutive elements of the upper atmosphere, can be ionized at all

0
times by radiations ( > A 584 A) exceeding those susceptible of ionizing
molecular nitrogen. For N, we obtain, (V.44), for the maximum condition

%2(0)hNo(0) + % (N)ANo(N) = ¢t (V.5k4)

” : %2(0)AN(0) + % (N)AN(N) = 1 (v.55)

if we consider the corresponding altitude as the initial level. The
condition for the maximum photoionization of atomic nitrogen depends,
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therefore, on that of atomic oxygen if the abundance of the latter is
not negligible.

For 0, we have, (V.45), as the condition of the maximum, the

expression
i1s(0)e ™ THOVMNAO) P [1 — 5(0)rxy(0) e=m] (v.56)
,'27) (O)c "'[;:(O)IINO(O)"I' '/:(N)II«NO('N) ]c'-xlhg l!-—[‘}:_;(O)’ero(O) 4 ‘7.1(1\")/11\’0(.\') ]c-uz[h(:__o

Let us note that

il” (0) = 1.868 12“(0)

;1(0) = 1.35'10'172 72(0) = 1.4-107%7

and let us set

L = %(0)AN(0) < 1
y=e">0

Finally, let us consider as the starting level the altitude of the
photoionization maximum of N by adopting relation (V.55).

Hence, (V.56) is written in the form

A=t v~ o,
y-—1

In order to calculate this last expression, we have considered
different values of § (or values of the abundance of O relative to N)

to obtain the values given by the following table.
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¢ N(0) v £y Nmax(?) ~z
0.9 13.1°N(W) 1.06 0.954 2-1010 2 to 3.5
0.5 1.46 1.68 0.8L 1.78'10lO 15 to 26
0.4 0.97 2.1 | 0.8 1.78'107° | 21 to 30
0.3 0.67 2.9 0.87 1.8&'10lo 31 to L2
0.2 0.365 4.8 0.96 2-1010 k7 to 63
0.1 0.16 10 1 2.1'1010 69 to 92
0.05 0.09 | 20 1 2.110 120

km

km

km

km

km

Let us collect the numerical results obtained by expressions (V.51,

52, 53, 54 and 56) where h = 40 to 30 km;

10

]

10
He, N(0) + N(N) = 2.04+10  to 2.72°10

10 10
1.68°10  to 2.24°10

Il

Ny( x= 10717y, n(0) + N(mw)

_ 10 10
Ng( x= 10 l'8), N(O) + N(N) = 1.47-10  +to 1.96°10
0
N, N(0) + 1.46 N(N) = 1.79~1ol to 2.38-10lO
10
0, N(0) = 1.78 to 2.1-10

We immediately recognize that all the values are of the same order

of magnitude and thus, that the photoionization maximum is located at
level defined by the concentration N(0) + 1.46 N(N). However, if N(O)
was apprecisbly greater than N{(N) (for example, the first line of the
table), the Fl region would be formed almost exclusively by atomic

oxygen. On the contrary, if the abundance of O were much lower than
that of N, there would be tendency toward the formation of another re-
gion much lower than the Fl region. In the extreme case (last line of

the table) the photoionization maximum of O would take place at the

altitude of the E region (120 km). But since the concentration would
' 1

only be 2-10 0 oxygen atoms per cm3 at 120 km, this possibility cannot

be accepted.

g
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In the final analysis, the origin of the F region results from the
ionization of the oxygen and nitrogen atoms acted upon by chromospheric

radiation with wavelengths of less than 910 X. The other constituents,
such as molecular nitrogen and helium, have their photoionization maxima
at the same altitude as oxygen and atomic nitrogen. Moreover, the O2

molecule, whose concentration is insignificant at this altitude, also
has a photoionization maximum due to the absorption of A < 735 R in its

continuum.l Hence, no radiation with A < 910 R can reach the E region.l

The E Region
Molecular oxygen has an absorption continuum which corresponds to

its first ionization potential, X<fl,01£)g, and whose coefficient is very

low, x= 10_21. However, in the spectral range (cf. Chapter IV, p. 102),
the preionization bands of O2 possess a more appreciable absorption

-1
coefficient, 4°10 7. We thus see that the E region, which as we have
seen is located in the transition region, oé—,-o + 0, may be due to

the ionization of the 02 molecule, if the rate of logarithmic decrease

h of O2 corresponds to the "ionospheric height scale" observed.

We thus have to find the value of h; it can be determined as
follows.

We have shown earlier, (III.76), that

;By virtue of the relation ¢! 5 ¢ (formula 4.10 of the Introduc-

o)
tion), the radiation with A < 910 A reaching the altitude of the E re-

gion (~100 to 120 km) is <:lO—7 of the radiation reaching the average
altitude (240 km) of the F, region. Thus, the formation of the E region

by O subjected to the influence of radiation with A <735 his , cannot

2’
be admitted.
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znmx(o) = zmax(02_9' 0 + O) + n ].Oge _ﬁ%l_ (V'57)

i.e., that the altitude of the maximum concentration of the oxygen atom,
Zmax(o) = 105 to 110 km, is related to the altitude of maximum dissocia-

tion of O2 by relation (V.57) where h is the rate of logarithmic decrease

of 02 with the altitude, and H is the height of the homogeneous atmos-

phere at these altitudes.

By virtue of relation (v.20) applied to the dissociation and ioniza-
tion, we have

Np(O,) #p

—— e = . 8

N; (02) % (V > )

where the indices D and I pertain respectively to the dissociation and

- -1 - -
ionization. Since x o = 8.02°10 8 end % = 10 17, we obtain, (V.58),
Np (02) Azrh
== = V.
Nrog) — 5= ° (v.59)

Consequently, the ratio of the numbers of O2 molecules per cm3 at

the levels of maximum dissociation and ionization, respectively, is
equal to 5 and corresponds to the distribution of 02 in an atmosphere

where h characterizes its rate of decrease with altitude; Az is the dif-
ference in altitude between the two levels considered and, by virtue of
(V.59), this difference is given by
Az = 1,61 h (v.60)
Let 107.5 % 2.5 km be the value of zmax(o); by virtue of (V.57 and

60), we can then write

1.61 h = h log_ = H = 1.25~1o6 (V.61)

if the altitude of the ionization maximum of the E region is 120 km
(average altitude at our latitudes).
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On the other hand, the results of ionospheric observations show
that h € 11 km and 10< H €30 km. Let us set successively H = 10 h,
5h, 3 hand 2 h. From (V.6l), we obtain

h 10.4 km h

1i
i
It

8.3 km h= 9 km h 13.3 km

H=283 knm H = L5 km H=31.2 km H = 26.6 km

It
It
]
Il

Hence, the only acceptable solution is
H=>=3h

Taeking into consideration the fact that Zmax(o) is defined only
within * 2.5 km,

h >~ 10 kn (8 to 10 km)
H=>=30 km (22 to 30 km)
Finally, let us note that if we assume the same vertical distribu-
tion for the oxygen atom as for the other constituents, relation (I1T.65)

gives values of H from 20 to 30 km (recombination via double or triple
collisions) when it is assumed that h(05) = 10 km.

. -17
Let us apply relation (V.40) to 0,; since x= k10 ', we have
10" 7100
NM(OQ) 4-10 107 =1
whence
N (0.) —~2 -1010 (v.62)
'\ Os) = ) .

and we thus arrive at the important result that the ionospheric height
scale determined by ionospheric measurements (~10 km) corresponds in
fact to the rate of decrease, h, of the O, molecule at the level of the

E region and naot to the height, H, of the homogeneous atmosphere at these
altitudes. The approximate value of H (~22 to 30 km) indicates that
between the E and F regions the atmosphere does not undergo any abrupt
variation in its structure. In other words, the upper atmosphere be-
haves as a continuous body from the standpoint of composition and tem-
perature. Moreover, the difference in the ionospheric height scales

(or the abrupt variation in the structure of the atmosphere) takes place
in the atmospheric region characterized by the start of dissociation of
.02, i.e., in the zone separating the middle atmosphere (H~ 8 km) from

the upper atmosphere (H~ 20 to 40 km).
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Whereas the E region is due to the absorption of solar energy by
preionization bands, the ionization resulting from the continuum of O2
can insure the existence of an lonospheric region (by virtue of V.29)

5

1 .
only in the atmospheric region where N(Og) >10"7, i.e., at the start

of the D region.

Consequently, the origin of the E region is due to the emission of

photospheric radiation comprised between A\ 1000 K and A 910 X which ion-
izes (preionization) the oxygen molecule, whose rate of logarithmic de-
crease with altitude is identical to the ionospheric height scale.

Finally, the NO molecule, whose existence has been demonstrated
(in Chapter III) in the atmospheric region located above the E region,

is susceptible of being ionized by radiation with A< 1,350 2. In this
o]
spectral range (cf. Figure 15) the line La (» = 1,215.7 R) of hydrogen

appears which may emit a number of quanta greater than that of the photo-
sphere. Consequently, the essential phenomenon below the E region re-
sults from the ionization of NO.

Section 4. Nocturnal Conditions

The conditions of formation of an ionized region being fixed (Sec-
tion 2) and the vertical distribution of the ionized elements being
known (Section 3), we now must find the laws governing the variation of
the electron concentration with time and altitude. We shall consider
a priori two cases corresponding, respectively, to the diurnal condi-
tions (presence of solar radiation) and nocturnal conditions (absence
of solar radiations). The latter case is simpler, because when the
solar radiations no longer affect the ionosphere, equations (V.l, 2 and
3) become immediately simplified and we have

lInasmuch as O2 and NO are involved in the ionization above the E re-

gion, it is not impossible that we might be dealing with a double D
layer, one part of which is particularly sensitive during the fade-out
(ionization of NO, see below). Finally, it would be desirable to
elucidate the ionization of atmospheric sodium.
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i=d=0 (v.63)

i.e., the photoionization and photodetachment no longer affect the
electron concentration. Under these conditions, it is possible to de-
termine the laws of variation of electron concentration by considering
only the most abundant molecules and atoms present in the E and F re-
gions. Consequently, the reasoning applied to the main constituent
susceptible of being ionized and of capturing an electron will be valid
without any extensive modification in the case of a system with several
constituents. If we assume that this element is the oxygen atom,
equations (V.1l, 2, 3) can be written, on the basis of (V.63), as

N,

ot == aNNp + pNN— — NN, (v.6k)
+

%?_.z — rNTN, — yNtNT (v.65)

0N— T TN st (V 66)

s «NN; — pNN~ — fN'N :

et us recall that N5 N~ and N' are functions of altitude z and
time t, whereas N depends only on z.

On the basis of (V.4 and 7), equations (V.6k4, 65, 66) assume the
form

oN

7 E = (@ —pu) NN, — (1 + u)‘\'?; (v.67)
oN
1+ u)y B I ;2 ;o (v.68)
( 's; (r + uf)(L + )N - Ny
ON, Ju
Mo = (@ pONNy — fu(l + wNE — N 57 (V.69)

From (V.68 or 69) and (V.67), we obtain

1 ou
N Traa (v.70)
PN+ (T— 1IN,

un = -
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The stationary value u_, of u is therefore given by, (V.70), (NE)S

S

denoting the corresponding value of NE

aN a
lls == < = — .

PN + [f — 2] (Ny)s I:‘ f—r (NE)S] (v.71)

pj 14 p N

and the greatest value, uM, by
a

== .72
" T D (v.72)

account being taken of the fact that f >r.

If the state is not stationary, the value of u is a solution of
equation (V.TO), i.e., of the differential equation of first order and
first degree of Riccati

-g%‘ F (u + 1) JulpX + (F—r)Ng] —aN} =0 (V.73)
or, in another form,
% + 2 [pN + (f — )N, ] + u[pN + (f — #)Ngy — aN]—aN = 0
( 3

This equation admits of the particular solution, u; = -1, and is,

therefore, integrable by a quadrature. In fact, by setting

1 |
u=2-1 (v.75)

we find the linear differential equation

) AT - N
Lt [t N+ =Ny = pN + (=N, (V.76)

whose general integral is written between the limits t_ and t, as
follows: *



139

¢ (V. 77)
-— [(e + p)N + (f — )N, ] dt
tx
y=e V=

-

¢ " (e + PN + (f — )N ]ae
P
+ J‘ [pN + (f — #)N ] ¢ dt

2

V¢ being the value of y at time t = tx.

Let us transform the expression between brackets, and we write
(V.77), after having set

(e+p) N+ (fF—rNe=o(z,t)=¢>0

to simplify the notation, in the following manner

.t t ¢ -t (v.78)

— qdt J odt ‘ gdt
tz P {23 oz
y=e Ly,—1+c -——aNj. e (/!]

[

By considering an average value ﬁE of NE in the time interval

t - ‘r,x > 0, we obtain, by application of the mean value theorem

—ot—t) , PNFU—0K ¢ pu—gyy (V79
- = — ¢
¥y=7yre (¢ + p)N(f— )N, L }
By setting u = u, at time t_, we obtain, by means of (V.65),
1
1+ u, X

and, on the basis of (V.79), the following value of u
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aN (i, + 1) ot — t.)
4

p= NN =N Ty ] (v.80)
(PN A4 (f— N ] + 1) . @1 ——1,)

4N — [pN + (f — r)ﬁ'"]q(]_

+ 1

with ¢= (a + p)N + (f - r)ﬁE.

This expression thus provides a solution of equation (V.70), where

NE is an average value of NE in the interval t - tX.

Let us set

=N .8
Ny = Ny + AN, (v.81)

where ZSNE represents, in the interval t - tx, the fluctuation of NE

with respect to an average value in this interval. 1In the ionosphere,
we can chose a time interval such that szE is negligible in the pres-

ence of NE. Hence, we can write to a sufficient approximation NE = ﬁﬁ
amd take it into account in equation (V.80). We thus obtain an approxi-
mate value of u. Replacing u in equation LV.67) by its value given by
(v.80), where Ny is considered instead of Ny, we write the law governing
the local variation of the electron concentration as a function of time
in the interval t - ty, in the following form, which is directly appli-

cable to the ionospheric conditions:

Ny wetne PET B g PN+ r(f ".)_N.E]EE _

o [PN + (f—r)Ng [, + 1) ¢ P ¢ —tz)__ u;] + oN
" (¢ + p)[aN —u, IJN,,T_,",?‘sz — 1) N INN, N (v.82)
[pN + (f — )N 1[ (e, + 1) e‘p (8 — 1) — u;] + aN

An examination of the relative values of the different times of
equation (V.82) enables us to determine the simple laws which apply to
the various regions of the ionosphere.
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Case 1. Let us consider the condition

. et — t;) ) aN
(us + 1) e — % <N Ty (v.83)

which, for a fixed value of N, i.e., at a certain altitude, can be set
if the time interval t - t, is conveniently chosen. In fact, using the

numerical data, we can verify the fact that in the observable regions
of the ionosphere

aN
PN ¥ (f— )N ~ (v.84)

Taking into account the condition (V.83), equation (V.82) is
written, after a few elementary transformations, as

N (v.85)
Ne _ —3(» + p [1 — uz(1 +£)](NNE -
at a

—t, - 2 (f — 1IN ’ -
b+ e W I[LE p EDR L (e ) (1)

a aN

However, determinations of the values of the coefficients and the
knowledge of N and NE in the ionosphere show that

a>p>0;f>r>0;a>r>0andN>NE>0

whence

3

af + rp r(f —r)Ng
= a - = 0,0
a > aN an 1> a 1

Consequently, for the purpose of numerical computations, equation
(v.85) can be written to an excellent approximation as

N
ot

E

— a4 p(l — w)INNy— [(o + 1) e PET I G T2 p)INE (v.86)
a

Furthermore, since
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1 .3 -1 af + rp _

£ =210 em® sec™; - -11 .3 -1

210 cm~ sec

and (f - r) = 1.8'10°% em> sec™t

we can write the preceding equation in the simpler approximate form

o, ot -~ 1.)

______ e e Lol p (3= ) INN - [ (1 T e — r:l]j.\‘i (v.87)

Equation (V.87) is always applicable for a value of t - t _such

that the condition (V.83) is realized. In other words, if

1 «N -+ o [pN F (f--1IN ]

O

SEF PR+ =N, TN TF =N 17

(v.88)

D <t —t,

we have a law of local variation of the electron concentration expressed
in a general form by (V.85) or in a simplified form by (V.87). The
latter is written

e g, — o} (v.89)
by setting
p=1lac +p(l—u)]N
and
a=fl +1e T

where B/N denotes the coefficient of attachment of electrons and «
denotes the effective recombination coefficient.

Let us note that the value of a will be comprised between the fol-
lowing values fixed by the condition (V.83), taking (V.84) into account

aN
fsa<f pN + (F — r)Ng (v.90)
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Consequently, if t - tx is sufficiently small, o may be greater
than B/NE and a variation of the electron concentration subject to a

law of attachment results for a fixed value of N, i.e., at a given
level z.

If t - t, increases beyond a certain limit, while the conditions

imposed by (V.83) are met, the second term of relation (V.87 or 89)
acquires an increasingly greater importance with respect to the first
term, which diminishes. Hence, for a suitably chosen value of N, the
variation of the electron concentration is subject to a recombination
law (aNE > B).

Case 2. Let us consider the reverse of condition (V.83), i.e.,

N 4 (f — N + 1) oL@ H IR F T=nIR T — 1)

aN + wp [pN + (] — )N >1 (v.91)

a condition which for an arbitrarily chosen t - tx interval will be

realized if N is sufficiently large (hence at a certain level), N
being present in the exponential term.

If (V.91) is met, we have a fortiori

Lo+ )N + (f — )N )t — 1)

[pN A (f - )N i, + 1) e (v.92)
TR TN VY IN >0
and
[(e + )N + (f — )N} (1 — 1)
aeN(ux + 1) e ~ " > 1 (v.93)

aN — u,[pN + (f — )N ]

since aN > pN + (f - r) Np> O and u, > 0.

By virtue of conditions (V.92 and 93), we obtain from the solution
of (V.80) of the Riccati equation, the approximate value of u

aN
PN + (f— n)N, (V.94)

5]
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which would be the stationary value of u determined by relation (V.71) if
N_ were the stationary value of NE.

By replacing u in equation (V.67) by its value (V.94), we obtain
the relation

Ng e —r)NNg (¢ + pIN+ (f—1r)Ng o (V.95)
ot pN+ (F—nr)N; PN + (f— )N, £

where the time interval t - tX is chosen under conditions (V.91, 92 and

93) so that it will be possible to neglect, as before, the fluctuation
AxNE of NE in this interval.

Two cases of interest for lonospheric applications may be con-
gidered according to the relative values of the two terms in the
denominator.

Let pN < (f - r) N;. BEquation (V.95) is then written in the approx-
imate form

oN E « f

e — N\ (V.96)

If pN > (f - 1) NE, a case readily achieved for the conditions

imposed, since N must be chosen to be sufficiently large (condition
V.91) and hence, z must be sufficiently low, we have

ON, af +op o,

Re_ _dimy (v.97)

which yields a recombination law.
Consequently, if the value of t - tx is conveniently chosen for a

sufficiently high value of N (relatively low altitude), the law of local
electronic variation will be a recombination law.

By considering the numerical values of the coefficients, we shall
see that the various simple laws which have Jjust been established on
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the basis of our general laws (V.1l, 2, 3) apply to the vrious iono-
spheric regions.

The E Region

12
In the E region we have N > 10  and NE5; 2‘105. Let us recall
Yy 3 -1

-1 -1
the mean values of the coefficients a = 2°10 cm” sec , p = 2°10

1 cm3 sec™l and r = 2‘10_12 cm3 sec_l.

6

cm> sec-l, £ = 21077
In this case, we see that for t - t = 100 seconds, condition
(V.91) is fulfilled, even if u, = 0, and we find ourselves in the theo-
retical Case 2 considered above. In addition, pN > (f - r)NE, and con-

sequently we can apply (V.97). The latter is written, when the coeffi-
cients are replaced by their numerical values, as

3N _
_E_ 5077y (V.98)
5t E

Consequently, the law of the nocturnal variation of the electron
concentration in the E region is always a recombination law whose con-
stant coefficient within the layer has an average value of the order of

2-10_9 cm3 sec_l. This figure agrees well with the experimental values

(see Chapter I, p. 19) where @ = 2 to 4‘10_9.

We see from this result that the effective recombination coeffi-
cient exceeds the values deduced from elementary physical processes.
Although one could expect a law of attachment for the higher molecular
concentrations, one actually finds a recombination law which, in addi-
tion, is in excellent agreement with ionospheric observations. This
result is readily interpreted when equation (V.97) is examined, where
the recombination coefficient of the positive and negative ions f is
multiplied by the constant ratio a/p. This ratio corresponds to a
higher value Vg (v.72) of u = N'/NE (ratio of the concentrations of

negative ions and electromns). Effectively, by returning to the value
of u indicated in equations (V.71 and 94), where we take into account
the condition pN > (f-r) NE valid in the E region, we find that the
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stationary value (V.Tl) is then identical to the value (V.94). In other
words, a state of equilibrium between negative ilons and electrons tends
to be established very quickly in the E region (< 100 seconds).

Hence, it follows from the observational standpoint that the proc-
esses of attachment and detachment of electrons occur without the
introduction of a perturbation by the direct recombination of positive
ions with electrons. A ratio of electrons to negative ions correspond-
ing to a permanent equilibrium may be established and preserved in the
course of the occurrence of the recombination phenomenon. This dynamic
equilibrium between particles of negative charge causes the variation
of the electron concentration in the E region to be independent of the
attachment or detachment of electrons and to follow a recombination law
whose effective coefficient exceeds that of the elementary processes.

Finally, the value 2'10_9 is the maximum value obtainable by an effec-
tive night recombination coefficient.

The F Regions

In order to apply the preceding theoretical relations to the F
regions, we have to consider all the numerical values of N and NE' To
this end, we have calculated the values of the exponential

Lo+ PN+ (F— )Ng] (¢ — )

for different values of N and NE. The computation has been made for

values of the time interval, t - t,, comprised between 1 and 10

LI

seconds. The average values of Ng considered are equal to 10 , 107 and

106 electrons per cm3, and thus cover all the observable values of the
electron concentration. By taking atomic concentrations between 10

6
and 10 , we are sure a prioril of having considered the entire ionospheric

region. We have already stated that in the E region, N > 1012. As far
as the F regions are concerned, an indication is provided by the observa-
tional data of F. L. Mohler which we have presented in explicit form

in relations (I.1l and 12). Effectively, if we consider the value of

the attachment coefficient, a = 2.10-1h, at 360 km and at 270 km, we

9

obtain the atomic concentrations N = 109 at 360 km and 8.5°10° at 270 ku.
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The altitude of 360 km corresponds to the ionization maximum of the F

region. By adopting a value of N of the order of lOlO for the Fl region

2

which has disappeared in the course of the night, we can establish the
8
region of the F2 layer at lOlO and 10 atoms per cm3 subjected to at-

tachment. Hence, we see immediately that the law of local electronic
variation pertaining to the F regions is represented by relation (v.87)
which, when the coefficients are replaced by their numerical values,

is written as

oN (v.99)
ME = [2 X 10— + 2 X 101 (1 — u,)]NN,
3 (9 —14 Ny -1l N t — lz
—[(u, by ¢ BO2X10 N+ 1.8 x 10711 Ng) )—u,JZX jo-11 N2

The first conclusion which follows from an inspection of this rela-
tionis that the minimum value of the recombination coefficient in the F
regions will be 0.2'10_10. In other words, if the absolute value of
the term corresponding to the attachment is very low, the electronic
variation will be subjected to a recombination law whose coefficient

-11
cannot be lower than 2-10 . This result explains the fact that the
minimum values reached during most diverse observations is never lower
than this value (see page 32).

The disappearance of the F_ region— (N_) in the F, region <
1 E'max 1

(NE)max in the E region—is very easily explained. Observations show
that when the solar influence decreases (i—0), i.e., tends toward
the case which we are considering (i = 0), this region is no longer

10
observable. In the Fl region, where NE = 3'105 and N ~10 , we see

that the attachment surpasses the recombination. Since the attachment
is proportional to the atomic concentration and its value is relatively
high, this region disappears as soon as its altitude increases above

a certain limit. We shall return to this point in a discussion of the
diurnal conditions (Section 5).

As far as the F2 region is concerned, we consider two extreme
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cases which enable us to estimate the value of the different terms in

the preceding relation. If N = 109, we have for
= 6 -11
N_ =10 N =210
. > B/ i
— 5 -1
= = 2'
N, = 107, B[ﬁE 10
and the recombination coefficient is 2'10-11.
If N = 108, and
- 6 -12
N =10 N =210
E ’ B/—E 11
I\T'E = 105, B/Np = 2710
11

and the recombination coefficient is 2°10 .
These data reveal the diverse special properties of the F2 region.
(1) A value of the observed recombination coefficient which varies

in accordance with the distribution of the constituents. Indeed, the
analysis of the observations always conforms to a law of the form

whereas the theoretical law is of the form

N, 2
5 = — aNN, — aN}
whence ’ aN
(1.=__-—1—-+0.
Ng

is an apparent recombination coefficient.

(2) 1If the value of Np at a given altitude varies with the epochs,
we obtain variable values of the apparent recombination coefficient.
In fact, we find that a decrease or increase of the electron concentra-
tion is associated with an increase (or decrease) of the equivalent
recombination coefficient. Thus, observations which during the same
night reveal variations of the coefficient are easily explained by the
opposite variations of NE' Similarly, variable values of the same

coefficient in the course of the seasons are due to the same cause.
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(3) The conclusion which we have drawn (page 33) to the effect
that there were pronounced differences in the values of the recombina-
tion coefficients during the observations of Appleton, on the one hand,
and Mohler, on the other, can be interpreted in the light of the result
acquired on the effect of the electron concentration. Whereas the ob-
servations made in 1933-34% pertain particularly to low electron concen-
trations (minimum solar activity), the observations of 1937-38 indicate
high concentrations. Hence, we have a low equivalent recombination
coefficient for 1937-38 and a high coefficient for 1933-34.

(4) The effect of the altitude on the values of the recombination
coefficient is interpreted in the same manner. According to the values
of the ratio of the atomic to the electron concentrations, the coeffi-
cient will be subject to fluctuations. For the same value of NE, the

coefficient will decrease with the altitude. In other words, if the
altitude of the maximum electron concentration of the F2 region is dif-
ferent at two stations, its equivalent recombination coefficient for
the same electron concentration will be directly proportional to the
number of neutral atoms.

(5) The fact that the law of attachment is initially more impor-
tant than the law of pure recombination causes a more rapid decrease of
the electron concentration in the lower layers of the F2 region. During

the first part of the night, one observes indeed a rise in the altitude
of the maximum concentration of the F2 region.

(6) While the altitude of the F2 region increases, the number of

atoms decreases with the altitude and the attachment becomes increasingly
less important. During this time, the recombination coefficient in-
creases gradually toward a value equal to, then greater than the product
of the number of electrons by the coefficient of attachment. From that
moment on, the altitude of the F2 region can nd longer rise, since the

effect of the molecular concentration no longer intervenes. This is a
good explanation for the observed fact that the maximum altitude of the
F2 region is reached for a recombination coefficient always greater than

2.10711,

(7) These various considerations suggest an explanation for the
origin of the numerous fluctuations in the F2 region. TIndeed, this is

an atmospheric region where the effects of electron recombination and
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attachment are simultaneously involved. If we add that the coefficients
which we have considered to be constant are temperature-dependent, we
can state that slight modifications of the molecular concentration or
temperature cause the observed fluctuations in the ratio of the relative
values of the two processes of attachment and recombination. Finally,
the electron concentration itself being also a factor, it is easy to
understand that the complexity of the phenomena taking place in the F2

region depends primarily on the relations affecting the elementary
mechanisms.

(8) These results also suggest that the abnormal behavior patterns
observed will have to be studied by taking into account the particular
characteristics of the F, region. In fact, new observations should

provide simultaneous data on the variations in the electron concentra-
tion and actual altitude.

Section 5. Diurnal Conditions

During the transition from nocturnal to diurnal conditions, the
solar radiation causes a modification in the processes affecting the
electron concentration. This modification is due a priori to photoion-
ization and, depending upon the circumstances, to photodetachment. We
have shown in a study (in Section 2 of this chapter) of the formation
of an ionized region that the electron production by photoionization
should be considered to be the most important phenomenon. Furthermore,
the photoionization of specific molecules or atoms characterizes the
various regions of the ionosphere (Section 3). Finally, the equilibrium
between the processes corresponding to the elementary mechanisms of at-
tachment and detachment varies with the altitude and was successfully
determined by an examination made in Section 4 of the nocturnal iono-
spheric conditions. On the basis of these various acquired results, it
is possible to determine the diurnal behavior of the ionosphere.

lIn principle, it is sufficient to determine, from equations (V.1, 2, 3),
the value of the ratio u of negative ions to electrons. As in the case
of nocturnal conditions, we obtain a Riccati equation

(Il —l< 1) IINE [(I -+ ])xT -+ ([ .- I')NE] —_ (IXN“ —* Ni ( - NI -+ NE %l?‘ = 0

whose particular solution is no longer the simple solution u = -1. Hence,
we have simplified the problem by first examining stationary cases ap-
plied to each ionospheric region, whose main properties are known through
the studies made in the preceding sections.
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The E Region

In the E region, the molecule subjected to the photoionization

effect is the O2 molecule, and the negative ion is the oxygen atom.

Hence, equations (V.1, 2, 3 and 4) are written as

ON, _ .
ot"‘ — N(O5)i + NT(0)d — aN(O)Ny+ pN(O)NT(0) — N1 0Ny (y,100)
+
31:’ (O2) _ N(0)i — rN*(02)K,— N (0:)N7(0) (v.101)
31:_—‘(0) = gN(0O)N, — N7 (0)d — pN(O)N"(0) — INT(0N7(0) (v.102)
with
N"’(Og) = N (0) + N, (v.103)

Let us set, (V.7),

u = NI;TE(O)’ (V.104)
whence, (V.7'),
NH(o,) = (1 + wn, »  (V.1047)

In order to study the conditions under which the E region is
formed, let us consider the general stationary state defined by (V.6).
Taking (V.103 and 104) into account, and by analogy with (V.8, 9 and
10), we write equations (V.100, 101 and 102) as follows:

_ #hN(Oy)
N(Oo)ige ™0 4 g + pN(0)JuN, = «N(O)N, + r (1 + w)N,, (V.105)
__ #iN(Q2)
N(On)i e sinho = (r + uf) (1 + )2 (v.106)
aN(Q) = u [d + pN@Q) + (1 4+ w)fN; ] (v.107)
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The equation (V.106) immediately yields the expression for Ny

_ WN(Os)
sinho
N. — N(Oy)i e (v.108)

(r + uf)(1 + u)

The conditions necessary for a maximum of the electron concentra-
tion (N‘E)max of the E region require that, (V.19),

pN(0) >d + (L + u)fl\TE (v.109)

and that, (V.17),
(v.110)

Tl

We shall assume that the photodetachment is negligible (4 coeffi-
cient), since relations (V.21 and 30), which admit the predominance of
photodetachment, cannot represent an ionospheric region possessing the
observed properties of the E region, Hence, we have to verify condi-
tion (V.109) numerically, where d is neglected. We have calculated the
following average values (IV.59, 37 and 60), a = 210714 cm3 sec-1;

p = 210716, £ = 2:10711 and we have already indicated that N 2= 107
’ E

3

and N(0) :51012. Consequently, condition (V.109) is verified in the E
region. ¥

Let us now return to the conditions of a maximum electron concen-
tration, i.e., to expressions (V.20, 22, and 23) and we obtain, by
using (V.108),

—1
- R 1
(NB )nmx = l/b&u)lw_{‘-‘ (S‘il]’lo)? (V- lll)
e = 2,718

with
— (¢« + p) (af + rp)
r (v.112)
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a l
u =2, (v.113)
%
and
] o N(Ouzh ~
N, (02} «h = Th@- = 1 (v.114)

These are the fundamental relations which practically define the
stationary state of ilonization of the E region. Hence, it follows that
the diurnal and nocturnal conditions should be identical as far as the
mechanisms determining the ratio of the concentration of negative ions
and electrons are concerned. Thus, despite the considerable importance
of attachment indicated by the term aN(o)NE in equation (V.100), the

vertical distribution of the electron concentration (V.108) is subject
to a recombination law. Actually, the following phenomenon takes
place: while the solar radiation produces positive ions of molecular
oxygen and electrons by ionization, the electrons are immediately cap-
tured by neutral atoms, and this association produces negative ions.
However, the abundance of the latter cannot increase beyond a certain
limit, since part of them disappear during the detachment by collision,
which is proportional to the concentration of neutral particles. Since
these processes of attachment and detachment are very rapid, an equi-
librium between the negative ions and electrons is almost immediately
established. Finally, if the general state is stationary, the recombina-
tion of positive and negative ions balances the production of electrons
by photoionization.

When the state is not stationary, observation gives a law of varia-
tion of the electron concentration which is written as

) ON

where P is the electron production and ¢« is the recombination coeffi-
cient. On the other hand, based on (V.100 to 104), the theoretical ex-
pressions are written as

lFor the determination of u, we have only considered the effect of the
oxygen atom. TIn order to obtain a better precision, we should take into
account the effects of N and N2 on the detachement. Hence, the value of

u could be somewhat lower, but the conclusions remain valid in all cases.
Besides, the object of our work is to point out the essential ideas.
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JN,.

%~ N(0)i + 4N, [d + pN(0)] — aN(O)Ny — r(1 + u)N} (v.116)

u

0N+ ()I\'F on o (V 117)
= —_ Jpp —m— = N : . .

= (1 + ) + Ne— = N(Oz)i — (r + uf)(1 + w)N,

ON"~ oN ou

Et_—: u .(.)_t_E.-*- Nl-: b_t— = (LN(O)NE — "’NE[d 4 17N(O) + (1 + "’)INE] (V-ll8)

This system of equations is too complex and cannot be reduced to
a simple form corresponding to the law applied to the observations.
Simplifiying hypotheses do not lead to any new conclusions. We thus
have to consider the limiting case corresponding to the stationary
state where, by virtue of (V.108 and 111), we have

N(Qy)i= P (v.119)

4 uid + W)= «a (V.120)
and, for the maximum electron concentration,
P = N, (0.)i, e sinlig (v.121)

Relation (V.111l) defines the diurnal ionization state of the E
region and thus permits a comparison with the experimental results. We
have seen in Chapter I that the observations are best represented by a

value of the recombination coefficient in excess of 2°10 - (see also
Figure 6, p. 23). Moreover, during solar eclipses, the ratio of the
decrease in the electron concentration between the first and second con-
tact and the appearance of a minimum electron concentration in the
middle of totality require recombination coefficient values in excess

of 10 7. The theoretical value of the recombination coefficient is
given by expression (V.112). ZLet us also recall the numerical values
calculated for average conditions in Chapter IV (IV.59, 37, 60 and 57)

12

1h 16 and r = 210 ~°.

a =210 p=21010, £.o o101t

We therefore have for o
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a = 21077 (V.122)

The value of this coefficient is, therefore, of the order of mag-
nitude of the observed coefficient.

Let us recall, however, that the values of the coefficients of
diurnal or nocturnal recombination correspond to a fixed physical state.
In addition to the lack of precision in the determination, one cannot
overlook the variations resulting from the fact that the physical condi-
tions of the upper atmosphere differ with the latitude, the altitude and
even the seasons.

From this relatively high value of the effective recombination
coefficient, we deduce that the value of 6NE/5t is low during most of

the day as compared to the absolute values of the electron production
and recombination. Thus, the equilibrium is practically reached at any
instant t. This is in good agreement with the experimental results
(Figure 2, p. 16) where

(NE)max = C(sinhe))l/2

Finally, in Chapter IV, we have determined the value of i, of O2

(Iv.24), and in Chapter V, the number of molecules NM(O2)’(V'62)' Hence,

from (V.111), if sinh = 1, and T, = 6,000°, we find
@

S

N _( 2.510"2.8:10”" >1/2

= 105 (v.123)
2.718-2°107 1

This value of the electron concentration is of the order of magni-
tude of the electron concentration observed in the E region.

The Fl region
The diurnal behavior of the ionization state of the Fl region is

partly identical to that of the E region. Indeed, the existence of the
Fl region is observed at equatorial Iatitudes throughout the year, where-

as at high and middle latitudes, the region persists only for heights of
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the sun of the order of 450. In other words, the Fl region appears

only when the altitude is lowest, and in this case it possesses proper-
ties analogous to those of the E region. It 1s therefore necessary,
taking into account the conditions specified in Section 2, to assume
that the diurnal ratio u of the concentration of negative ions to that
of the electrons is constant.

We have shown (Section 3) in the determination of the origin of the
ionospheric regions that the oxygen and nitrogen atoms are responsible
for the formation of the Fl region. Hence, the general formulas (IV.l,
2, 3) applied to these two atoms are written®

‘)NE
ot

= N(0)i(0) + N(N)i(N) + N7(0)d + p [N(O)+ N(N)JN"(0) (V.124)

— «N(O)N, — 1, N O)N, — roNH(N)N,

-+
IN0O) = x(0)i(0) — nN*(0)N, — /iN*(O)N"(0) (v.125)
)Nt (N ) . -

Sk = NI — NN, — 2N EONT(0) (V.126)

ONT(0 _ _
Tu = aN(O)N, — N7 (0)d — p [N(O) + N(N)]N(0) (v.127)

— iXT(0)NT(0) — £NF(N)NT(0)
Since
N+(N) + N+(O) = N0} + Ny (V.128)
we have, by setting

= —f\—;{ﬂ- (v.129)
(1 + w)N, = Nt(N) + x*H0) (v.130)

1 . .
If N2 were actually involved in the ionization of Fl’ the theoretical

consideration would be wholly applicable.
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In addition, let us set

N)

=

=

O
I
£

(v.131)

Taking (V.128 to 131) into account, we write equations (V.125 to
127) for a stationary state

N(0)i(0) = (r + uf)NY(O)N, (v.132)
NN)i(N) = (2 + ufa) N (N)N, (v.133)
eN(0) = nfd + p[N(0) + N(N)] + iN*(0) + fNH (M)} (v.13L)

In the case of stationary state, relation (V.20) imposes the
condition

p [N(O) + NX(N)] > /iNT(0) + foNF(N) (V.135)
and
- 1)[N(C’)l)N-(}-O;(N)] = e j p (V.136)
Whence
Ny - - __N(0)i(0) NN

T A+ W) +aufy) T AF 1) (r2 + ufs)

From these theoretical considerations we immediately infer that
the term fNTN- is less important in the Fl region than in the E region

because the negative ions of nitrogen do not exist, and the recombina-

tion between NT, O and O is weaker than between OE and 0~ (cf. IV.61).
The possibility of condition (V.135) and also a lower value of the recom-
bination coefficient should thus result. Unfortunately, these theoreti-
cal considerations can only be qualitative, since it is impossible to
determine the wvalues of fl and f5 and of the ratio w given by (v.131)

without an arbitrary hypothesis.

11n order to facilitate the notation, it is implicitly assumed that the
coefficient p is the same for O and N.
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The experimental value of the recombination coefficient has not
been determined very precisely, but it is of the order of or less than

10—8. By adopting this value, we are able to determine an order of mag-
nitude for the electron concentration. If we consider the simple case

(v.40)

N, (0) = 2.3-10™°
and (IV.28)
i, = 7.8-10'8
we Ilmmediately obtain
(N Dax = [/llz: - 2.6:10° (v.138)
o ea

a value which agrees with the observed values of the electron concentra-
tion of the Fl regiomn.

Let us now return to the condition (V.135) necessary for an inter-
pretation of the diurnal behavior of the Fl region. This condition is

met so long as the sun 1s located at an angle of altitude relatively high
above the horizon; i.e., When the altitude of the Fl region is at its
minimunm.

When the sun is very low (at sunset or in winter); the altitude of
the region increases while the pN factor diminishes until it becomes
negligible. From that moment on, the conditions change and we find
again the nocturnal conditions, where we have seen that

PN < (f -~ TNy

At this stage, the law of attachment causes the disappearance of the

F, region as we have shown in Section L,

In other words, the Fl region 1s formed in a transition zone of the
ionosphere separating two regions where the properties pertaining to the

equilibrium of negative ions and electrons are different. In the E re-
gion, we have an effective recombination coefficient such that the
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electron attachment has no effect on the vertical distribution of the
electron concentration. On the contrary, in the F2 region, the nocturnal

conditions have revealed the effect of attachment on the variation and
vertical distribution of the electron concentration. Hence, a peculiar
situation of the Fl region results between the E and F2 regions; depend -

ing on its altitude, the F. region is subjected to the laws of the E

1

region or to %hose of the F2 region.

A numerical application gives the following results:

pN > pN(0) = 2'10'16-2.5-1010 = 5-10'6 (v.139)

(f - r)NE = 1.8-10'11-NE (v.140)

We see that for a concentration of 2.6'105 electrons (V.138), the
values of the terms pN and (f - r)NE are of the same order of magnitude.

This numerical result confirms the preceding theoretical deductions.

The F2 Region

The general law of nocturnal variation of the electron concentra-
tion has revealed the special properties of the atmospheric range cor-
responding to the F2 region. Although we have not yet determined the
origin of this region, we do know the process of its formation. Indeed,
we can find no atom whose photoionization maximum 1s located at altitudes
as high as that of the F2 region; it is possible, however, by virtue of

deductions in Section 2 (formulas V.34 to 38), to find a maximum electron
concentration at an altitude in excess of that of the production maximum.

Let us return to expressions (V.34 to 38) and apply them to the
oxygen atom. Let us denote by Ny (0) the oxygen concentration at the
1

altitude of the maximum electron concentration of the F; region, and by
NFE(O) the concentration of oxygen at the altitude of the maximum elec-

tron concentration of the Fg region. We can then write, (V.36'),
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#INF, (0) r{(uw + 1)
sinky (1 + 2u)(r + ufy

(v.141)

and if a is the recombination coefficient of the F2 region, (V.36"),

#h Ny, (0 r(uw -+ 1)2

sinho = a(l 4+ 2u) (v.142)
with (V.20) '
#»h XNy, (O)
) sin”ﬁa—'a =1 (v.43)
and (V.34)
v = __‘L‘\I%_(_(_)_’__:] J X (0) (V.1h)
(1 + u)fN, N
when 1 is negligible compared to u.
From relations (V.142 and 143), we deduce
Nr, (0) r(u + 1)2 (V.145)

Xip (0 a(l + 2u)

which, if u is known, makes it possible to determine the properties of
the F, region as a function of the data obtained on the Fl region.

The expression of the maximum electron concentration of the F2 re-

gion is given by (V.38) (uf > r)
wNrF; (Q)
sinhg (V.146)

5 . l‘:f, O)e
(NE )max = -( )

In order to elucidate the meaning of the final expressions (V.145
and 146), let us consider the case of observations which are always
represented by a law of the form .
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aNy
ot

=D — aXNp (V.147)

where P is the electron production and o is the recombination coefficilent.
Let us express the condition of a maximum electron concentration in the
stationary case by writing

g_)l_f_a__\‘z
oN  ox &

In order to find the expression (V.141l or 142), we have to set

__#hR(0)
> = N(Q)ige sinko (v.148)
and a = Q«Yip)— 4 (1 4 ) = (1L w)(r + af) (V.149)

E

i.e., relation (V.147) in the explicit form should be written, (V.148
and 149), as

—E = X(0)i, —aN(O)X, — rNT(0)N, (V.150)

This equation, expression the lonization state of the F2 region,

corresponds to the general equation (V.l), where the terms corresponding
to the photodetachment and detachment by collision are neglected in the
presence of the term representing the photoionization.

The final expression (V.146) makes it possible to determine the
orders of magnitude which may be attained by the electron concentration
of the F2 region. Let us note first that the exponential term rapidly

approaches 1 with rising altitude of the Fy region as a result of the

decrease in the molecular concentration. Indeed, at the level of the
F region, we have, if sinh =1, (v.143),

#iNg, (0)

e .Tlh-o—=a—l = 0.368
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so that for all practical purposes we can always assume that the value
of the exponential terms is of the order of 1 in the Fy region. Moreover,

this result indicates that the electron concentration in the F2 region is
not a direct function of the height of the sun above the horizon.

The values of i (O) have been determined (IV.27 and 28);

8

8 to 7.8°10 .

i (0) = 2.6°10°

Whence, the highest value of (NE)max is given, (V.146), by

6 6

(N =1.3'10 to 3.9°10° .

E)max

These electron concentrations agree with the order of magnitude of
the observed concentrations.

Finally, since the value (V.1L4h4) of u is a function of the ratio
N(O)/NE, we readily visualize the complexity of the variations of the

electron concentration by examining the fundamental relation (V.145).

We are no longer dealing, as in the E and F regions, with simple proper-
ties which are independent of the altitude (constant recombination coef-
ficient), but with properties which involve both molecular and electron
concentrations which are no longer independent variables. If we add
that the stationary case considered is a simple case for the F2 region,

where equilibrium is not always reached (electron concentration in-
creasing with time), we have thus determined the origin of the extreme
complexity of the variations of the electron concentration in the upper
ionospheric region.

In conclusions, the Fl and F2 regions have their origin in the

photoionization of the same elements acted upon by the same solar radia-
tion. The F. region is formed at the level of maximum ionization owing

to an equilibrium between the production of electrons and the recombina-
tion whose coefficient is constant. The formation of the F2 region at

an altitude greater than the altitude of the photoionization maximum re-
sults from the equilibriwmm between the production of electrons and the
recombination whose coefficient is a function of the altitude
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(predominant attachment). This unexpected behavior-—since one could
assume a priori an attachment effect which is most important in the
lower regions—is explained by the duality of the equilibrium between
the mechanisms affecting the negative ions. In the E region and in the
diurnal Fl region, we obtain a constant ratio of the concentrations of

negative ions to those of the electrons. In the nocturnal Fl region and

in the F2 region, the same ratio actually depends on the atomic and

electron concentration.

In other words, we have the following phenomena: during the pro-
duction of electrons by photoionization, the electrons are captured by
neutral particles possessing a sufficient electron affinity. The attach-
ment, which is proportional to the concentration of the neutral parti-
cles, becomes more important the lower the altitude of the ilonized re-
gion; it is, therefore, maximum for the E region and minimum for the F2

region. The attachment is offset by detachments through collision with
neutral particles and positive ions. In the E region and the diurnal
Fl region, the detachment by collision with neutral particles, which is

therefore proportional to their concentration, is the most important.

An equilibrium results between the attachment and detachment of elec-
trons to and through neutral particles, i.e., a dynamic equilibrium in-
dependent of the altitude, and in the final analysis, a constant effec-
tive recombination coefficient. This explains the formation of an ion-
ized region (E region and diurnal Fl region) at the level of the maximum

electron production. In the F2 region, the collisions of negative ions

with positive ones are more effective than the collisions with neutral
particles. In the case of an equilibrium, a ratio of negative ions to
electrons results which is a function of the concentration of neutral
particles, and, in the final analysis, an equivalent recombination
coefficient which is no longer constant but decreases with the altitude.
This explains the formation of an ionized region (F2 region) at an alti-

tude greater than that of the maximum electron production.

Section 6. Diurnal, Seasonal and Geographical Variations

From the study of diurnal conditions (Section 5) of ionization, it
is easy to deduce the diurnal, seasonal and geographical variations.
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In the case of the E and F. regions, we have the simple law (v.23,

111) L

NMig, . . o~
uew (smha)2 (v.151)

My s = |/

e = 2,718

¥

where NM is the molecular or atomic concentration at the altitude of the

photoionization maximum for a sun at the zenith. Hence, C being a con-
stant, we have
I Nni, -C
ae

and we write

/2

() = c(sinny)" (v.152)

E " max

This is permissible so long as the physical conditions remain the
same, i.e., in particular, so long as NM and leo remain constant.

In the course of a day, at a given station, NM and 1., may be

considered constant (except in the case of strong perturbations) and
(V.152) represents the diurnal electron variation in accordance with
the observation (Chapter I, (I.1) and Figure 2).

If all the conditions remain identical in the course of the year,
equation (V.152) applies. However, if the state of dissociation of 02

in particular in the E region, and the solar emission i1, in general,

undergo variations, the value of the constant may be different, and
this explains the disagreements between the observation and the theo-
retical curves in Figure 4. We shall return to this point in the fol-
lowing section.

Furthermore, it will be readily accepted that the vertical distri-
bution of the molecular and atomic concentrations is not the same at
all latitudes. In particular, the dissoclation equilibrium of O, cannot

take place under the same conditions at the poles and at the equator.
Hence, the ratio NM/a will not be identical for all the stations, and
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that is why for the same day of the year, the constant C will have
values which will depend on the .latitude. It is impossible to determine
these values s0 long as the vertical structure of the upper atmosphere
has not been studied along a meridian.

As far as the F2 region is concerned, the diurnal, seasonal and
geographical variations cannot be studied theoretically before the ob-
servation has been able to determine the exact altitude of the maximum
electron concentration. In a study of nocturnal conditions (Section L)
and diurnal conditions (Section 5), we have sufficiently outlined the
properties characteristic of this region.

Section 7. Eleven-Year Variation of the Ionization

If the origin of the various regions of the ionosphere is explained
by the effect of well-defined solar radiations (Section 3), we still
have to show that the variation of the emission of these radiations is
capable of accounting for the variation of the ionization in the course
of a period of an eleven-year solar activity. Two points should, there-
fore, be considered: (1) the intrinsic variation of the solar emission;
(2) the variation of the maximum electron concentration of each iono-
spheric region.

From the laws giving the stationary values of the maximum electron
concentration, we deduce for the E and Fl region (V.151 and IV.21),

(Ng; Ymax + l/iao sinhy = VYQ sinhg (v.153)

where x 1s an average value of the absorption coefficient and where § is
the number of solar quanta producing the ionization,

and, for the F_ region (V.146),

2

(N Jmax = iep = #Q (V.15L)

If we compare the values of the electron concentrations during a

maximum (N_) and a minimum (N_) of solar activity, we obtain
E E’max,m

max ,M B

for the F; regions (V.153),
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_(.;Sl: )m:xx,?\l o _le[ — S . (V . 155)
(Nl.;)mnx.m (.?nl - : 1
provided that the same height of sun is considered.
For the F, region we write, (v.154),
(Nl’ )mnx A Q\'
DS, S P Sy V.1 6
(A\'h )ul:lx-, m ()Xll ! 2 ( 5 )

where the height of sun is not involved.

A comparison of expressions (V.155 and 156) gives the following
relation, provided that the value of the electron concentration be
reduced to a height of sun equal to 90°,

2
Sk = Br, (v.157)

since the ionization results from the absorption of the same solar radia-
tions. Moreover, if we assume that, to a first approximation, the varia-
tion of the solar emission is the same in the spectral range between

A 1000 X and 2 900 X,l we can write for the same height of sun (V.153
and V.155),

Sy ~ sﬁl

(v.158)

Relations (V.157 and 158) are identical to relation (I.9), deduced
from observational data, and thus determine the effect of the solar
activity on the various ionized regions.

Let us now return to the experimental conditions which we examined
in Chapter I, particularly in Section 3 and Figure 5, where we compared
the variations of the solar emission based on arbitrary numbers of
facular plages with the monthly variations of (NE)max/SinhG of the

lActually, there will always be a difference in the variations of the
photospheric and chromospheric emissions, and SE will be slightly dif-

ferent from SF.
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E region. TIn this particular case, we showed the parallelism between
the two variations. Hence, by taking relations (V.153 and 154) and
(V.157 and 158) into account, it is possible to define the ionospheric
characteristics of the solar activity.

The relation between the critical frequency (observational data)

and the electron concentration (see Introduction, formula 2.7) is given
by

(N )unx = ‘Pfg : (V-159)

Moreover, we know (V.153) that when the conditions are stationary
we have for the E and Fl regions,

(.‘\.E)Izlh'lx = 2Q) Sill’l@ (V.l6o)
and for the F2 region
(N hax = 2Q (v.161)
Consequently, (V.159, 160 and 161), we have
(£ s 6
S E e . Cp, = L oand ¢y, = (FD). (v.162)
G = sinhg Fy = sink g Crp 2= <f )P‘a

where CE’ CF and CF define the ionospheric characteristics of the solar
1 2

activity. ©Since stationary conditions always exist at noon for the E and

F, regions, CE and CFl are always defined. In the case of the F2 region,

the value of CF2 cannot be well known unless the other variations play
only a secondary role or could be eliminated.

The fact that the variation of the atmospheric ionization follows
the variation of the number of facular plages and faculae makes it pos-
sible to attribute its origin to the variation of the continuous radia-
tion of the faculae relative to that of the photosphere, and to the ra-
diation of the facular plages relative to that of the chromosphere. In
other words, during the solar activity minimum, the photospheric radia-

tion (A > 910 R) and the chromospheric radiation (A < 910 X) originate
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globally from the entire photosphere and from the entire chromosphere.
However, during the solar activity maximum, the global radiation of the
faculae and facular plages is the most important. We have shown (Figure
14) that if a temperature of T7,500°K is adopted for the faculae, and a

total surface equal to 10-3 times that of the photosphere is assumed,
the continuous radiation of the faculae in the spectral region of AM

1000-910 K is greater than that of the photosphere. This explanation
makes it possible to understand the observational results according to
which the ionization in the upper atmosphere is never related to the
appearance or disappearance of a given spot (surface area < 10—3 the
area of the photosphere) but undergoes variations which are related to
the global facular surface.

In the special case of a solar eclipse, where the fraction of the
visible photospheric surface 1s markedly lower than the total surface,
it is possible that the effect of a facula might influence the ioniza-
tion of the E region. As an example, let us consider the solar edge at
a temperature of 4,7000K and a facula of equal surface at 7,500°K. The

0
ratio of the numbers of photospheric and facular quanta for A < 1000 A
calculated with formula (II.3) is of the order of 10_5. In other words,
a facula at the edge of the sun may emit a radiation exceeding that of
the visible fraction of the solar disk, if the surface is greater than

10_5 times that of the edge of the disk. Consequently, the effect of a
facula which 1s close to the solar edge may reflect on the ionization
of the E region, whereas the ionization of the F region, subjected to
the chromospheric emission, will not be affected.

Section 8. Perturbations of the Tonization State

Although it is possible to resort to simple notions such as photo-
ionization and recombination in order to determine the ionization state
of the various ionospheric regions, this is no longer the case when one
deals with the problem of the origin of the various perturbations. The
easy solution is to assume that the sun emits neutral or charged parti-
cles, depending upon the circumstances. Thus, for all the cases of non-
uniformity of ionization (abnormal E region, sporadic ionization, iono-
spheric storm), one can accept g8 a working hypothesis the existence of
neutral beams of charged particles such that their properties are suit-
able for observation. However, such a theory is a geometrical theory
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in the sense that it determines the trajectory traveled by particles
whose mass, charge and energy are adequate for explaining the effects
observed in the atmosphere subjected to the action of the earth's magne-
tic field. However, no geometrical theory provides any indications on
“the transfer of energy from the incident particles to the atmospheric
particles and on the possibilities of various forms of ejection of solar
particles,

Actually, it 1s necessary to consider the fact that the equilibrium
in the vertical distribution of the constituents of the upper atmosphere
may be upset. For example, during an intense ionospheric (or magnetic)
storm, marked modifications are observed in the distribution of the
electron concentration. During the first phase, the zone corresponding
to the normal electron concentration no longer exists, owing to a dis-
placement of the electrons which steadily lowers the level of maximum
concentration. This influence is a manifestation of an gbnormal reduc-
tion in the thickness of the layer, as if the latter were subjected to
an effect of turbulent disintegration. As a result of this phenomenon,
an Intense ionization occasionally appears below 100 km. As soon as the
abnormal echo of tThis layer has disappeared, a marked increase is ob-
served in the minimum of the virtual height of the F2 region—an increase

which may reach 800 km. This increase corresponds to a considerable de-
= 6

crease of the electron concentration, which drops from 10 electrons to

about 103, as if the ionosphere had undergone a considerable expansion.

It is difficult to account for all these phenomena. Is there a
vertical transport of the gaseous masses, a disappearance of the elec-
trons through recombination, a decrease in the number of effective colli-
sions, a transport toward the polar regions, or the opposite, an influ-
ence of the earth's magnetic field, a real expansion of the atmosphere?
At the present time nothing is known about these questions. However, if
we assume the arrival of solar particles or at least the separation of
the particles with positive and negative charges in the highest region
of the upper atmosphere, we also have to assume the existence of electric
fields whose effects will be different depending upon the altitude, and
which may produce the disaggregation of the normal ionosphere during
critical conditions.

In view of the complexity of the theoretical study of this problem,
and given the lack of quantitative observational data, simultaneous
studies are necessary on the fine structure of the magnetic storm, ion-
ospheric storms and auroral emission before any acceptable conclusions
are drawn.
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Section 9. Sudden Fade-Out

The difficulties which are encountered in an explanation of the
ionospheric perturbations disappear as soon as it is possible to show
that the sbnormal ionization is due to ultraviolet radlatlons, not to
charged particles. Such is the case of the sudden fade-out, whese pro-
perties were described in Chapter T.

The remerksble coincidence between the cbservation of a solar esrup-
tion and the appearance of a sudden fade-out in the sunlit hemisphers is
proof of a direct effect of the electromagnetic radiation. The sudden
cegsation of the echoes of the E and F regions and the reinforcement of
long waves are due to a sudden increase of ionization in the D region,
where the molecular concentration is relatively high.

For this phenomenon to take place, it is necessary that a radia-
tion of a particular intensity be emitted during an eruption. Further-
more, it is necessary that this radiation leave the lonization state of
the E and F regions unaffected. Moreover, it should not be absorbed in
the atmospheric region located above the D region. In addition, it
should ionize a characteristic constituent of the atmosphere at an aver-
; altitude of 80 km. Finally, the nature of this radiation should be
different from all those which determine the ionizstion state of the
upper atmosphere.

On the basis of these criteria, we can ssume that a continucus
emission related to the photospheric emission cannot be invalved, since
the spectrum of an eruption is essentially a line spectrum. It is
evident that a chromospheric radiation with wavelengths of less than

910 % should not be considered, since it is completely absorbed in the

op
7

v

[.,.a.ﬂ

P reglon. The radiation emitted in the range of 1000 to 910 X can on
have a secondary importance, otherwise the radiations L, (972.6 i) and
Lg (930.8 8), located in the range of preionization baunds of 02, would
determine the ionization state of the E region.

The sudden fade-out should, therefore, result from the emission of

o
a radiation with wavelengths in excess of 1000 A. However, we have

shown (Chapter IT, Section 3, D) that the radiation Ly, (1,215.7 &)

during an eruption of a given surface and intensity can exceed the ra-
diation of the continuous photospheric spectrum. Consequently, the
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eruptive La radiation may emit quanta whose number is greater than that

of the normal photosphere and which can reach the atmospheric region
located below the E region. However, in order to explain the fade-oub,
it is necessary to know the process by which the ionization undergoes
the necessary increase. We must immediately eliminate the possibility
of the atmospheric constituents, O2J 0, Né; N, He which participate

in tThe ionization of the E and F regions and do not have an ionization

continuum at A 1,215.7 2. Only the NO molecule (see Figure 15) can be
photoionized by the La radiation. However, we have shown the existence

of this NO molecule (Chapter ITT) in the atmospheric region located be-
low the E region. Hence, NO, localized in a region of small thickness
located below the E region, may, under the influence of the Id radia-

tion of the chromospheric eruptions, produce the increase in ionization
necessary for a sudden fade-out.
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GENERAL CONCLUSIONS

I. In order to formulate the problem of the determination of the
structure of the ionosphere, we used as the basis the results acqguired
by mathematical and experimental studies of the propagation of electro-
magnetic waves in the lonized atmosphere acted upon by the earth's mag-
netic field. To this end, the introduction specifies exactly the adopted
point of view, while the first chapter specifies in a synthetic form the
ionogpheric observational data. From this, we deduce that theoretical
research on the physical properties of the ionosphere would require the
knowledge of three factors:

1) The radiation emitted by the sun in the unobservable ultravioclet.

2) The chemical composition and the physical constltution of the
entire atmosphere.

3) The knowledge of the ionization state of the atmospheric con-
stituents subjected to solar radiation.

II. Usually, it is assumed in caleulations that the sun radistes
like a black body at 6,OOOOK. The conventional nature of this working
hypothesis forced us to make a thorongh examination of the problem of the
efficiency of the solar radistion in the atmosphere. This study enabled
ug to bring out, among others, the following points:

1) The solar ultraviolet emission is not confined solely to the
photosphere, but also originates from the upper layers, particularly the
chromosphere.

2) The spectral composition of the solar rsdiation may be determined
on the basis of observations obtained during eclipses and by taking into
account the chemical composition of the sun. Thus, we were able to show
that the radiation emitted in the spectral range of wavelengths in excess

0
of 910 A corresponds to that of the photosphere, and that the chromo-

o
sphere is characterized by radiastion of wavelengths below 910 h. Calcula-

D
tion shows indeed that the minimum intensity (for A < 910 A) of the
chromospheric radiation is greater than that of a black body at 6,000°K.
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3) A priori, monochromatic radiations are superimposed on the
o]
photospheric radiation. We showed that the L, line (A = 1,215.7 A) of

hydrogen may emit a number of quanta greater than that of the neighbor-
ing spectral range, while the other lines of the Lyman.serles play a
negligible part to a first approximation.

k) The eleven-year activity, well-known through the variation of
the spots, has its origin in the continuous radiation of the faculae
relative to that of the photosphere and in the radiation of the facular
plages relative to that of- the chromosphere.

5) Chromospheric eruptions emit in particular a radiation of
0
A 1,215.7 A whose intensity, depending on the circumstances, exceeds

o
that of the continuous spectrum of A< 1,350 A of the unperturbed photo-
sphere.

ITT. If we review the principal determinations of the composition
of the atmosphere which is not accessible to aerological soundings, we
find marked discrepancies in the results. Generally, the vertical dis-
tribution of the constituents is calculated by starting with the composi-
tion of the air at the surface of the ground and assigning conventional
values to the temperature. We abandoned this wmethod, which did not re-
sult in any satisfactory findings, and studied the distribution of the
atmospheric constituents as a function of the rate of logarithmic de-
crease of their concentrations with the altitude.

By determining the state of equilibrium of the oxygen molecule iIn
the field of radiation of the sun, we determined the region of dissocia-
tion of this molecule independently of any hypothesis. Hence, the maxi-
mum sbundance of the oxygen atom is located at about 105 to 110 km at our
latitudes.

From an examination of the elementary mechanisms simultaneously
affecting the other constituents, we deduced the formation of the NO
molecule and the production of the nitrogen atom. Moreover, we showed
that this atom and this wolecule are wmutually exclusive. The range of
NO is located above the zone of the dissociation maximum of 02, whereas

the presence of the nitrogen atom is permanent in the region of existence
of the oxygen atom. Finally, helium is an element whose presence should
be effective in the upper atmosphere.
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IV. Before studying the ionospheric properties directly, we for-
mulated the general equations of ionization. The different processes
were determined theoretically and made applicable to the upper atmos-
phere. The numerical calculations hsve made it possible to determine
fairly precisely the different coefficients corresponding to the photo-
ionizstion, recoumbination, and attachment and detachment of electrons.
With the exception of the case of photodetachment, the values obtained
reveal the relative influence of the different coelfficients in the ion-
ization equations.

V. By approaching the general problems of z theoretical deftermins-
tion of the ionospherlc properities, we tried to determine under what
conditions an ionized region could be formed. Thus, by a comparison
with the experimental data, we showed directly that the E and F1 ragions

can be interpreted only if the electron concentration maximum is loecated
at the level of the maximum electron production by photoionization., On
the contrary, the F, region can correspond only to an ilonized region

where the maximum electron concentration is located at an altitude that
is greater than that of the production maximun.

The above reguirements enabled us to determine the origin of the
ionized regions. The F region results from the lonization of oxygen and
nitrogen atoms acted upon by chromospheric radiation with wavelengths

0
below 910 A. The other constituents, such as molecular nitrogen and
helium, have their photoionization maxima at the same altltude as atomice
oxygen and nitrogen. Moreover, the O, molecule, whose concentration is

very low at this altitude, also has a photoicnization maximum due to the
Q
absorption of its continuum of A < 735 A. Finally, no radiation with

0
A< 910 A can reach the E region with a sufficient intensalty. We also
showed that the origin of the E region is due to the emission of photo-

=C

" 3 » . O - - » - i
spheric radiation of 1000 A< A < 910 A which preionizes the oxygen mole-
cule. This latter result shows that the state of logarithmic decressge

of the concentration of the 0, molecule with the sltitude corresponds to

the lonospheric height scale of the E region. Finally, we came to the
conclusion that the principal phenomenon below the E region results from
the lonization of the NO molecule under the influence of solar radiation

with wavelengths of less than 1,350 A.
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By determining the theoretical laws governing the nocturnal varia-
tion of the electron concentration, we showed that the laws of disap-
pearance of electrons are radically different in the E and F regions.

In the E region, the recombination coefficient is constant and has an
average value of the order of 210 9. On the contrary, in the F region,
the coefficient is a function of the molecular concentration and of the
electron concentration, and therefore depends on the altitude. This
unexpected result explains the profound differences observed in the be-
havior of the two regions. The determination of the diurnal variation
also enabled us to show that the Fl and F2 regions are due to the photo-

ionization of the same elements under the influence of solar radiation
of the same wavelengths. The Fl region is formed at the level of the
maximum photoionization owing to an equilibrium between the electron
production and the recombination whose coefficient is constant. The
formation of the F2 region, at an altitude greater than that of the

photoionization maximum, is due to the equilibrium between the electron
production and the recombination whose coefficient is a function of the
altitude (predominant attachment).

Since the attachment is proportional to the molecular concentration,
this behavior is unexpected; one could have expected a major influence
of the attachment in the lower regions E and Fl' Actually, the opposite

takes place, since we have shown the duality of the equilibrium between
the mechanisms affecting the negative ions.

Within the framework of the above determinations, we found it easy
to identify the laws governing the seasonal variation of the E region
and to give a qualitative explanation for the geographical variation.

The fluctuations and the eleven-~year variation of the ionization
under solar influence were interpreted. In particular, the electron
concentration of the E and Fl regions is proportional to the square root

of the number of solar quanta absorbed, while the eleven-year activity of
the F2 region depends directly on the number of absorbed quanta.

Finally, after having indicatgg the path susceptible of providing
the solution to the problem of ionospheric perturbations, we showed that
the NO molecule makes it possible to explain the sudden fade-out by the
increase in the ionization produced under the influence of La radiation
of chromospheric eruptions.
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